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Three dimensional (3D) metamaterials have unique properties over their 2D 
counterparts, such as enhanced sensitivity, negative refraction and chirality. However, 
the fabrication of micron-sized 3D metallic structures is challenging. There are 
conventional approaches such as aligned layer-by-layer metal deposition, or 
electroplating with a polymer template. These methods can be time consuming, costly, 
difficult to carry out, and most importantly, full 3D control is not possible. 
In this thesis, we have developed techniques that allow for arbitrary 3D metallic 
structures to be fabricated simply and efficiently, via two steps: a true 3D lithographic 
micro-fabrication based on two-photon polymerization followed by a selective silver 
electroless plating step that can conformally coat all sides of the polymer structure 
surfaces uniformly with silver, while leaving the silicon substrate uncoated. 
To demonstrate the techniques developed in this thesis, we have fabricated high 
aspect ratio split-ring resonators that can be used as sensors, and 3D silver helical 
structures that can be used as terahertz (THz) broadband circular polarizers. The 
combination of the two techniques has allowed for true 3D metamaterials to be 
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Chapter 1  
Introduction 
The optical properties of Negative Index Materials (NIM) or Left-Handed Materials 
(LHM) were first studied theoretically by Veselago [1] 40 years ago. Due to the fact 
that such materials do not exist in nature, his work went mostly unnoticed. Some 30 
years later in 1999, Pendry [2] proposed that materials can be engineered artificially 
to exhibit simultaneous negative permittivity and permeability. This opened up a new 
research field that studies the unique properties of these materials. The word 
“Metamaterials” is a term used to describe these materials. “Meta” comes from the 
Greek word “μετά”, meaning beyond. Pendry’s pioneering work on the split-ring 
resonators resulted in 10 years of advances in metamaterials research. In 2000, the 
first experimental proof of simultaneous negative permittivity and permeability was 
reported by Smith et al. [3]. In the following year, experimental verification of 
negative refraction was achieved in the GHz range [4]. Over the next several years, 
the operating frequency of SRRs was pushed more and more towards the optical 
range, and in 2005, materials with a resonance frequency of 200 THz were achieved. 
This corresponds to an SRR size of 150 nm [5]. As this is the limit for SRR structures 
[6], new designs were explored [7, 8]; the most famous of which is the “fishnet” [9] 
structure, experimentally reported in 2006. At the same time, the design and 
fabrication of metamaterials started to extend to the third dimension [10, 11], as the 
high resolution planar metamaterials were actually “meta-films” and real applications 
require the structures to be three-dimensional. In 2008, the first experimental 
verification of negative refraction at near-infrared frequencies was reported for a 
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stacked “fishnet” structure [12]. Apart from stacked meta-films, several important 
studies were published on true three-dimensional metamaterials [13-15]. These 
structures often have complex designs as the metamaterial properties arise from their 
chirality. Not only can they provide a new route to negative refraction [16], chiral 
metamaterials exhibit other interesting features that 2D or stacked structures do not 
have, like giant gyrotropy [17] and circular dichroism [18]. Thus, these structures are 
gaining more interest among the scientific community. However, unlike conventional 
2D metamaterials, true 3D fabrication of metallic structures is much more challenging 
because it cannot be achieved using standard lithographic and metal deposition 
techniques. 
1.1 Motivation and objectives 
One of the most challenging aspects of metamaterials research is fabrication. In the 
early experimental reports, planar techniques, such as electron beam or UV 
lithography and metal deposition, were largely utilized. However, as the focus of 
metamaterial research changed to 3D designs, new fabrication techniques for 3D 
metallic structures were required. As will be reviewed in Chapter 2, most of the 
current 3D metamaterial fabrication techniques suffer from problems such as height 
limit (multiple metal-dielectric depositions), low throughput (layer-by-layer aligning) 
and complicated processing (electroplating with templates). This thesis aims to 
address some of these issues through the development of a novel and effective 
technique for fabricating true 3D metamaterials. The technique consists of two steps: 
a 3D fabrication step utilizing an SU-8 photoresist as a polymer template, and a 
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selective metallization step. The capabilities of the newly developed technique are 
demonstrated by applying the technique to two metamaterial applications. 
1.2 Thesis outline 
This thesis is divided into three parts. Chapter 2 discusses the basic properties of 
metamaterials, and reviews some of the recent developments in metamaterial research 
and fabrication techniques. Chapter 3 and Chapter 4 form the second part of the thesis, 
the technical development. In Chapter 3, our in-house developed two-photon 
lithography (TPL) system is discussed in detail, in terms of optical setup, software 
programming, photoresist studies, and a detailed study of SU-8 shrinkage. Chapter 4 
describes how we electroless silver plate the 3D SU-8 structures fabricated in Chapter 
3, focusing on the novel technique we developed to achieve the coating selectivity in 
a simple and straightforward manner. Chapter 5 and Chapter 6 form the third part of 
the thesis that focuses on applications. In these two chapters, our newly developed 
fabrication tools are applied in two metamaterial applications, namely high aspect 
ratio split-ring resonators and 3D THz silver helices. Finally in Chapter 7, a 







Chapter 2  
Review of Metamaterials 
Over the past decade, since metamaterials were first proposed by Pendry [2, 19], the 
field has been a research focus for many scientists from the fields of physics, 
engineering, materials science, optics, chemistry and many other disciplines. 
Metamaterials have been studied for their unique properties and potential applications, 
such as negative refraction [4, 12], optical magnetism [20], slow light [9], invisibility 
cloaking [21], superlensing [22], broadband circular polarizers [14] and plasmonic 
sensing [23]. The first experimental verification of metamaterials operated at 
microwave frequencies [3, 4], and over several years the working frequency has been 
shifted to tera-hertz (THz), near-infrared (NIR) and the optical range. The unit cell, or 
“meta-atom”, also progressed from two-dimensional (2D) to three-dimensional (3D), 
due to the development of more sophisticated fabrication techniques. In this chapter, 
the basic properties of metamaterials are discussed, followed by a brief history of the 
development of metamaterial research, focusing on different designs and their 
fabrication techniques. 
2.1 Introduction 
In electromagnetism, the electric permittivity ε , and magnetic permeability µ  are the 
two fundamental parameters characterizing the electromagnetic (EM) properties of a 
medium. The “material parameter space” in Figure 2.1 can be used to represent all 
materials [24], as far as EM properties are concerned. Region I covers materials with 
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simultaneous positive permittivity and permeability, which include most dielectric 
materials. Region II encompasses metals, ferroelectric materials, and doped 
semiconductors that can exhibit negative permittivity at certain frequencies (below the 
plasma frequency). Region IV is comprised of some ferrite materials with negative 
permeability, the magnetic responses of which, however, quickly fade away above 
microwave frequencies. The most interesting region in the material parameter space is 
Region III. In this region the permittivity and permeability are simultaneously 
negative. No such materials, however, exist in nature.  
 
Figure 2.1 Material parameter space characterized by electric permittivity ε and magnetic permeability μ. 
From [24]. 
In 1968, Veselago [1] predicted theoretically that a material with simultaneous 
negative permittivity and permeability possesses many remarkable properties. The 
first of these remarkable properties is that for an incident plane electromagnetic wave 
with wave vector , a left-handed triplet is formed with  and . Consider a 
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monochromatic plane wave propagating in an isotropic, homogenous medium. The 












 Eq. 2-1 
From the above equation it can be seen that ,  and  form a right-handed triplet 
of vectors in the case of 0ε >  and 0µ > . In contrast, when 0ε <  and 0µ < , they are 
connected left-handedly, hence the term left-handed materials (LHMs). Also, the 
refractive index given by | || |n ε µ= ±  must take a negative sign, so that causality is 
not violated [1]. Due to this reason, the LHMs are also called negative-index materials 
(NIMs). Besides negative refraction, some other phenomena, such as the Doppler 
effect and Cherenkov effect, are also reversed in NIMs. 
Veselago’s work on NIMs did not draw much attention in the scientific community 
because there were no natural materials with negative refractive indices. Some 30 
years later, Pendry et al. [2, 19] first proposed to use artificial materials in order to 
fully expand the available range of material properties as shown in Figure 2.1. With 
these landmark publications, the field of metamaterials began. 
2.2 Two dimensional metamaterials 
Pendry’s metamaterial design consisted of a 3D lattice of thin metal wires combined 
with double split-ring resonators (SRRs), schematically shown in Figure 2.2(a) and 
(c). The wire system, with wire radius 61.0 10r m−= ×  and lattice constant 
33.5 10d m−= × , shows an effective plasma frequency 10, 7.52 10p effω = × rad s-1, five 
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orders of magnitude smaller than that of noble metals. The effective permittivity can 
be derived from the Drude-Lorentz model as 
2
,









 Eq. 2-2 
where ,0.1eff p effγ ω≈  is the damping factor. The effective permittivity of the wire 
system is plotted in Figure 2.2(b).  
 
Figure 2.2 Basic metamaterial structures to implement artiﬁcial electric  and magnetic responses. (a) 
Schematic of periodic wires (with radius r) arranged in a simple cubic lattice (with lattice constant d). (b) 
Eﬀective permittivity of wire media, acting as dilute metals with an extremely-low plasma frequency. (c) 
Schematic of split ring resonators, with outer radius r and separation s between the two rings. A magnetic 
ﬁeld penetrating the resonator induces a current ( ), and thus a magnetic moment ( m ). (d) Eﬀective 
permeability of split ring resonators around the resonance frequency. From [24]. 
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The SRRs are one of the original designs for strong artificial magnetism. Each SRR is 
composed of two concentric split rings with the openings at the opposite directions. 
Physically, it can be considered as an LC circuit with the metal rings as inductors and 
the gaps as capacitors. Detailed derivations show that the effective permeability of the 











 Eq. 2-3 
where 2 2/F r dπ=  is the filling ratio of the SRR and 0ω  represents the resonance 
frequency at which there is a strong circulating current in the split rings resulting in an 







= =  Eq. 2-4 
and 02 / rσµΓ =  is the damping factor. Given the geometric parameters of the SRR: 
34 10d m−= × , 31 10r m−= ×  and 41 10s m−= × , the effective permeability can be 
calculated and plotted in Figure 2.2(d) with resonance frequency 
0 0 / 2 8.324 GHzf ω π= = . It is clearly shown in Figure 2.2 that there is an overlap 
region where both the permittivity and permeability are negative, from which a 
negative refractive index can be retrieved. 
The first experimental realization of Pendry’s design was reported by Smith et al. [3, 
4], with structure elements of millimeter dimensions. A photograph of their structures 





Figure 2.3 The first structure that exhibits negative refraction at GHz. From [4]. 
Ever since then, extensive work has been done to push the SRR structure to work at 
higher frequencies by scaling down the SRR size, because the resonance frequency of 
the SRR is inversely proportional to its size. Due to constraints in planar technology, 
most of the subsequent experimental work dealt with thin samples. Figure 2.4 [25] 
illustrates the milestones of 2D metamaterial development. By 2005, the SRR 
structure had been pushed down to 150 nm, which gave rise to a resonance frequency 
up to 200 THz [5]. These 30 nm gold SRRs were fabricated on a glass substrate by 
standard electron-beam lithography (EBL). Notable differences in the SRR design for 
structures of these dimensions is the transition from double SRR to single SRR, and 
the elimination of the tiny upper arms of the SRR. 
Pushing the SRR structure down further is challenging, because to achieve a magnetic 
resonance at optical frequencies, the size of SRR has to be smaller than 100 nm, with 
the gap smaller than 10 nm. Furthermore, the scaling principle breaks down for higher 
frequencies because the metal starts to strongly deviate from an ideal conductor [6]. 
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Therefore, alternative designs were explored in order to push metamaterials to even 
higher frequencies. 
 
Figure 2.4 Advances in metamaterials. The solid symbols denote n < 0; the open symbols denote µ < 0. 
Orange: data from structures based on the double split-ring resonator (SRR); green: data from U-shaped 
SRRs; blue: data from pairs of metallic nanorods; red: data from the “fishnet” structure. The four insets 
give pictures of fabricated structures in different frequency regions. 
The key breakthroughs were made in 2005 by several research groups all utilizing 
pairs of metal wires or plates [7, 8, 26] and in 2006 by Dolling et al. [9] employing a 
“fishnet” structure. In these structures, the pairs of wires or plates, separated by a 
dielectric spacer, provide the magnetic resonance that originates from the antiparallel 
current in the wire or plate pair with opposite sign charges accumulating at the 
corresponding ends. This resonance provides 0µ < . In addition, an electric resonance 
with 0ε <  results from a parallel current oscillation. These structures achieve 
negative refractive indices at around the 1.5 μm to 2.0 μm range. 
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The fishnet structures ease the fabrication burden significantly, compared to the 
conventional approach that combines SRRs and metallic wires. In addition, the EM 
waves are incident normal to the ﬁshnet  sample surface. This configuration is much 
easier than the SRR design, which require oblique incidence of the EM waves in order 
to excite SRRs with out-of-plane magnetic fields for strong magnetic resonances. 
For making these planar metamaterial structures, standard EBL is normally utilized in 
conjunction with lift-off. For wire pairs and fishnet designs, two metal layers (Au or 
Ag) are typically separated by a dielectric layer such as MgF2 or Al2O3.  EBL has 
limited applicability for large-scale fabrication due to its low throughput, therefore 
focused-ion beam milling (FIB) has been used to increase the fabrication speed 
dramatically, although the throughput is still too slow for mass production [27]. 
Another technique that has been used is interference lithography (IL). IL is a good 
candidate for large-scale fabrication, especially for periodic structures. For example, a 
large-scale NIM created by making elliptical voids in an Au-Al2O3-Au multilayer 
stack was found to exhibit a negative refractive index ' 4n ≈ −  at 1.8 μm [28]. More 
recently, nano-imprint lithography (NIL) has been employed to fabricate fishnet 
arrays of metal-dielectric-metal stacks that demonstrated negative refractive index 
' 1.6n ≈ −  at a wavelength near 1.7μm [29]. 
2.3 Three dimensional metamaterials 
Real world applications of metamaterials that utilize properties such as negative 
refraction [4], superlensing [30] and invisibility cloaking [31], require bulk samples, 
or 3D metamaterials. For the microwave frequencies, 3D metamaterials can be easily 
fabricated using standard circuit board technology. More recently, new fabrication 
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technologies have enabled 3D metamaterials to be made for frequencies such as THz, 
all the way down to near infrared and optical frequencies. We now review some of the 
more significant advances made in fabricating 3D metamaterials. 
A. Stacked 2D structures 
In 2006, a low-loss optical NIM with a thickness much larger than the free-space 
wavelength in the near-infrared region was numerically demonstrated by Zhang et al. 
[32]. Their simulations showed that a NIM slab consisting of multiple layers of metal-
dielectric stacks (for 100 and 200 layers) can exhibit a small imaginary part of the 
index over the wavelength range where negative refraction occurs. In 2007, Dolling et 
al. [10] for the first time fabricated one-, two-, and three-functional-layer 
metamaterials consisting of Ag-MgF2 stacks. From the transmittance measurements 
and the retrieved refractive index they concluded that the metamaterial behaviour still 
holds for the multi-functional-layer counterpart, see Figure 2.5. 
The fabrication techniques they used were standard EBL, metal and dielectric 
deposition with e-beam evaporation, and a lift-off procedure. Although up to 3 
functional layers (7 actual layers) were demonstrated, fabricating even thicker bulk 
metamaterials using this approach becomes increasingly difficult. This is because in a 
standard deposition and lift-off procedure, the total thickness of the deposited layers is 
limited by the thickness of the patterned e-beam resist. For a successful lift-off 
procedure, the total deposited thickness should normally be at least 15-20% less than 
the thickness of the resist, which at most can be several 100 nm for e-beam 
lithography. Furthermore, this fabrication procedure results in trapezoidal sidewalls, 
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typically with an angle of about 10° with respect to the substrate normal. Obviously, 
this effect becomes particularly obvious for thick multilayer structures (Figure 2.6). 
 
Figure 2.5 (left) Measured (solid) and calculated (dashed) normal incidence transmittance (red) and 
reflectance (blue) spectra for two orthogonal polarizations for the multilayer fishnet metamaterial 
structures when N=1, 2, 3 functional (Ag-MgF2) layers. Insets are SEM images with scale bar 400nm. (right) 
Refractive index and permeability retrieved from the transmittance data. Solid lines correspond to real part 
and dashed correspond to imaginary part. From [10]. 
 
Figure 2.6 The standard e-beam lithography, deposition and lift-off procedure. The total structure height is 
limited by the thickness of the photoresist, and the trapezoidal sidewalls also prevent more layers stack to be 
fabricated. From [33]. 
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To overcome these problems, Liu et al. used an alternative method to fabricate 
stacked SRR structures [11]. In their approach, a single SRR layer was fabricated by 
simple metal evaporation, EBL, development and ion-beam etching of the metal. 
Since the non-planar surface of the SRR does not allow simple stacking, the surfaces 
of the SRR layers were flattened by applying a planarization procedure with dielectric 
spacers resulting in a roughness below 5 nm (Figure 2.7). 
 
Figure 2.7 (left) Processing scheme to make multilayer SRR stack; (right) Field-emission scanning electron 
microscopy images of the four-layer SRR structures, oblique view. From [11]. 
Although the layer-by-layer approach works in principle to fabricate multilayer 3D 
metamaterials, such a process is very slow and requires a lot of work in delicate 
alignment, which can take a very long time. Thus, this approach is still too costly for 
creating large-scale 3D metamaterial structures for practical applications. 
In 2008, Valentine et al. for the first time fabricated and demonstrated negative 
refraction for a multilayer fishnet structure [12]. The 3D fishnet metamaterial was 
fabricated on a multilayer metal-dielectric stack using FIB, which is capable of 
cutting nanometre-sized features with a high aspect ratio. It had 21 layers with 30 nm 
of Ag and 50 nm of MgF2 alternately. Direct measurement of the angle of refraction 




Figure 2.8 (a) Diagram of the 21-layer fishnet structure with a unit cell of p=860nm, a=565nm and b=265nm; 
(b) SEM image of the 21-layer fishnet structure with the side etched, showing the cross-section. The sidewall 
angle is 4.3° and was found to have a minor effect on the transmittance curve according to simulation; (c) 
Experimental setup for the beam refraction measurement. The focal length of lens 1 is 50mm and that of 
lens 2 is 40mm. Lens 2 is placed in a 2f configuration, resulting in the Fourier image at the camera position. 
From [12]. 
B. True 3D structures 
The structures described so far not only suffer from complicated and slow fabrication 
procedures such as EBL and multiple depositions, but also, inherently they are 2D 
structures with multiple functional layers. Very recently, some true 3D metamaterial 
structures have been proposed, such as the “Swiss roll” structure [34] and helix 
structure [14]. These structures cannot be fabricated by conventional planar 
techniques, thus, true 3D fabrication techniques should be utilized. Among the several 
true 3D fabrication tools, two-photon lithography (TPL) is the best choice as it 
provides complete 3D control. Moreover, rapid prototyping can be achieved by 
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combining TPL with an array of microlenses [35]. However, TPL is a lithographic 
technique which normally works with photoresist polymers. Hence, a metallization 
step is typically employed in order to turn the polymeric structures into metamaterials. 
In 2009, Rill et al. first reported their work on a negative-index bi-anisotropic 
photonic metamaterial fabricated by direct laser writing with TPL and silver chemical 
vapour deposition [36]. The transmittance measurement revealed that it has a negative 
refractive index at around 3.85μm wavelength. The design and SEM image of the 
fabricated structure is shown in Figure 2.9. First, an SU-8 template was made by TPL 
and then coated with a thin layer of SiO2 using an atomic layer deposition (ALD) 
process and metalized by high vacuum electron-beam evaporation of silver. The 
surface normal and the axis of the evaporation include an angle of 65°. This angle 
must be delicately chosen in order not to coat silver on the glass substrate. As a result, 
this coating method cannot be applied to more complicated 3D structures. 
 
Figure 2.9 (a) Metamaterial design. The white regions are the polymer (SU-8) located on a glass substrate. 
The sidewalls of the polymer (encapsulated by SiO2 via ALD) are coated with silver. The polarization of the 
incident electromagnetic ﬁeld is illustrated on the lower left -hand-side corner. (b) Oblique-view electron 
micrograph of a structure fabricated by direct laser writing and silver shadow evaporation that has been 
cut by a focused-ion beam (FIB) to reveal its interior. From [36]. 
Later in the same year, Gansel et al. reported a uniaxial photonic metamaterial 
composed of three-dimensional gold helices arranged on a two-dimensional square 
lattice [14]. These structures were fabricated by patterning a positive photoresist with 
 18 
 
TPL, followed by electroplating of gold. They have experimentally demonstrated and 
shown in simulation that for light propagating along the helix axis, the structure 
blocks the circular polarization with the same handedness as the helices, whereas it 
transmits the other, for a frequency range exceeding one octave. Therefore potentially 
this structure can be used as a compact broadband circular polarizer. The fabrication 
procedures as well as SEM images of the helices are shown below in Figure 2.10. 
 
Figure 2.10 (left) Fabrication procedure of the gold helices: A positive-tone photoresist (blue) is spun onto a 
glass substrate covered with a 25nm thin film of conductive indium-tin oxide (ITO) shown in green. After 
3D DLW and development, an array of air helices in a block of polymer results. After plating with gold in 
an electrolyte, the polymer is removed by plasma etching, leading to a square array of free-standing 3D gold 
helices. (right) SEM images of the fabricated helices. From [14]. 
An obvious drawback of this fabrication technique is the processing complexity, 
especially the electroplating process. Furthermore, the electroplating approach is not a 
universal technique that can be applied to other more complicated structures [15]. 
The latest result of true 3D metamaterials was reported in 2011 by Radke et al.[15]. 
3D metallic bi-chiral crystals were fabricated on a glass substrate via TPL in 
combination with silver electroless plating. Measurements have shown a difference in 
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transmittance between light with left-handed circular polarization (LCP) and right-
handed circular polarization (RCP) in the wavelength range of 3 to 5 μm. 
 
Figure 2.11 (up) Fabrication procedures of the structures. (down) SEM image of the silver coated structures 
before detached from the glass substrate which was also coated. From [15]. 
As shown in Figure 2.11, the major weakness of the technique is that it requires a 
transfer of the structure to an uncoated glass substrate due to the fact that the silver EP 
approach is not selective. 
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The several examples discussed show that the fabrication of 3D metallic structures 
has become a major challenge for 3D chiral metamaterial research and applications. 
In the following chapters, a novel and effective technique combining two-photon 
lithography and selective electroless silver plating will be developed, allowing 
arbitrary true 3D metallic structures to be fabricated simply, efficiently and low costly. 
Furthermore, two metamaterial applications will be discussed demonstrating the 




Chapter 3  
Two-Photon Lithography System 
In order to achieve true 3D metamaterials a lithography technique that can pattern 
polymers in all three dimensions at the micron level is required. One of the few 
techniques where this is possible is Two-Photon Lithography (TPL). This chapter 
describes in detail the new TPL system that was setup as part of the 3D metamaterials 
programme. The TPL setup that was implemented was not a commercial system so it 
was setup using individual components. 
After a brief introduction explaining the fundamental processes that take place in TPL 
(Section 3.1), Section 3.2 discusses the hardware that was acquired for the TPL 
system. This includes the optical setup and a computational study of the light focusing 
for the choice of objective lenses. Section 3.3 focuses on the software that was 
developed and the scanning algorithms used for fabricating the 3D structures.  
Achieving high quality structures requires a careful choice of photoresists. In Section 
3.4, the photoresists are discussed in detail. Various positive and negative photoresists 
were analysed and we found that SU-8 2000 was the best choice for 3D fabrication so 
the exposure parameters were optimized for this system. 2D and 3D structures 
fabricated by the TPL system are shown in this section. Finally, the shrinkage 
problem that arises during processing of the SU-8 2000 photoresist is studied. Various 




3.1 Fundamentals of Two-Photon Lithography (TPL) 
In recent years, advances in micro and nanofabrication technologies have extended 
the capabilities of conventional planar techniques into the third dimension. These 
advances have been fuelled by the growing need for 3D micro and nano-fabrication 
techniques, especially in the fields of nanophotonics, microelectromechanical systems 
(MEMS), microelectronics, biophysics, microfluidics and metamaterials. Several 
different approaches have been developed for fabricating 3D structures, including 
self-assembly [37], layer-by-layer assembly [38], gray-scale lithography [39, 40], 
holographic lithography [41] and focused ion beam (FIB) processing [42]. However, 
they all have their own limitations for fabricating true 3D arbitrary structures, either 
because of the lack of 3D control, complicated processing, or low throughput. In 
contrast, TPL is the only technique that allows arbitrary three dimensional micro and 
nanostructures to be fabricated with sub-100nm resolution [43] and with a relatively 
high throughput. The technique utilizes nonlinear optical absorption of a tightly 
focused pulsed laser beam to selectively crosslink a small volume inside a polymer. 
By moving the focal point relative to the sample in all three dimensions, arbitrary 
three dimensional nanostructures can be fabricated. Due to its high resolution and the 
high level of control, TPL has been recently applied to many research areas, such as 
photonics and plasmonics [44], biomedical microfuidics [45] and MEMS devices [46]. 
In conventional UV lithography, the photoresist molecules absorb ultraviolet photons 
(normally with wavelength 350-400 nm) and undergo a crosslinking or chain 
scissioning process, in the case of negative and positive photoresists respectively. As 
UV light comes from a lamp or a focusing objective, the structure fabricated is always 
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two-dimensional, see Figure 3.1(a). However in the case of TPL, a photoresist 
molecule absorbs two near-infrared photons simultaneously in a single quantum event 
whose collective energy corresponds to the UV region of the spectrum. This nonlinear 
effect occurs only when the local light intensity is high enough to exceed the “two-
photon absorption threshold” of the specific material, which is often achieved by a 
high power femto-second pulsed laser. Because the rate of two-photon absorption is 
proportional to the square of the light intensity, the near-infrared light is strongly 
absorbed only at the focal point within the photopolymer, see Figure 3.1(b). The 
quadratic intensity dependence of two-photon absorption allows for the solidification 
to be confined to submicron dimensions [43, 47]. 
 
Figure 3.1 Fluorescence from a solution of rhodamine B caused by single-photon excitation from a UV lamp 
(a) and by two-photon excitation from a mode-locked Ti:sapphire laser operating at a wavelength of 800nm 
(b). Figure from [48]. 
The ability to locally crosslink polymer makes possible the creation of 3D 
microstructures by scanning the laser focus inside a photoresist in all X, Y and Z 
dimensions. This is accomplished either by scanning the sample relative to the laser 
focus via a stage scanning system [49, 50], or by scanning the laser beam via a mirror 
scanning system using galvanometric scanners [46]. This chapter describes in detail 
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the new TPL setup that was developed for 3D metamaterials applications. The 
processing parameters and the optimization of the resist development process for 3D 
microfabrication are also discussed in detail. 
3.2 Optics 
3.2.1 Optical setup 
 
Figure 3.2 Schematic of the TPL system. 
Figure 3.2 shows the optical setup of our TPL system. Femto-second laser pulses are 
generated from a mode-locked Ti:Sapphire oscillator (Coherent, Mira 900) that is 
pumped by a 10 W 532nm laser (Coherent, Verdi V10). The centre wavelength can be 
adjusted from 700 nm to 1000 nm, depending on applications. The peak output power 
occurs at a wavelength of 800 nm, with the simultaneous absorption of two photons 
corresponding to 400 nm, which is the correct exposure wavelength for most 
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photoresists.  At a centre wavelength of 800 nm for an approximately 10 nm line-
width (about 150 fs pulse width according to Heisenberg’s uncertainty principle), the 
maximum output average power is 1.7 W. With a pulse repetition rate of 76 MHz, the 
correspondent pulse energy is 22 nJ. 
A Faraday Isolator and a mechanical shutter are placed directly after the laser output. 
They are used to prevent back-reflection of the pulses and to block the laser beam 
when it is not in use, respectively. A beam splitter (BS) is used to cut a small portion 
of the light for monitoring the output spectrum. This spectrum can give information 
on the mode-locking status. After the BS, an Acousto-Optical Modulator (AOM) is 
used. The light passing through the device can be modulated by a sound wave such 
that when the AOM is in the “ON” state, 70% of the light intensity will be diffracted 
to an angle of 16 mrad (“first order”) within 150 ns. This fast response enables us to 
use the AOM as a fast shutter. The first order direction is the “ON” state and the zero 
order direction is the “OFF” state. Accordingly, the rest of the optical components are 
aligned with the first order beam. 
The power delivered to the sample can be adjusted by a variable attenuator consisting 
of a half wave plate and a polarizer. The output laser beam is predominately linearly 
polarized so the half wave plate can be used to rotate the polarization. A Glan-
Thompson polarizer is used in order to achieve high extinction ratio. The polarization 
angle can therefore be continually adjusted so that when combined with a linear 
polarizer, variable power control can be achieved. Utilizing a computerized rotary 
stage, we are able to choose any power from 0 up to the maximum input power with a 
precision of approximately 0.01mW. A beam expander is used to expand the beam 
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waist by 10 times, allowing it to fully illuminate the back aperture of the microscope 
objective lens in order to achieve the best focal profile. The objective lenses are 
interchangeable from low Numerical Aperture (NA) to high NA, from dry lenses to 
oil immersion lenses. The objective used in an experiment depends on the application. 
For metamaterial structure fabrication, a dry lens with N.A. 0.90 (Olympus, 60x 
magnification and working distance 0.11mm) is typically used. 
 
Figure 3.3 Microscope and fabrication platform. 
The computerized sample platform consists of several precision stages (PI-E710, PI-




3.2.2 Light focusing and Numerical Aperture (NA) 
Focusing of the ultra short pulses is the main factor that determines the fabrication 
resolution for TPL. The objective lens consists of several pre-aligned convex and 
concave lenses, but mathematically it can be treated as a single piece of convex lens 
when we only calculate its focusing properties. The focusing of a thin lens is 
illustrated in Figure 3.4 below: 
 
Figure 3.4 Light focusing by a thin lens. 
Light focusing can be understood in the following way: first, the lens changes the 
wavefront of the incident light 0 1 1( , )U x y  to 1 1 1( , )U x y , both in amplitude and in 
phase, expressed by the transmittance of a lens ( , )t x y , i.e. 
1
0
( , )( , ) ( , ) exp[ ( , )]
( , )
U x yt x y P x y i x y
U x y
ϕ= = −  Eq. 3-1 
Then, 1 1 1( , )U x y  undergoes diffraction, and the field can be derived from the Fresnel 
diffraction formula, i.e.  
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where z is the distance from the observation point to the lens plane, k is the wave 
vector and λ is the wavelength of the light. Under the assumption that the lens is 
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Eq. 3-5 
1J is the first order Bessel function. If we define v=2πar/λf as the radial optical 
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Eq. 3-6 
and the intensity, which is the modulus squared of 2 ( )U v , becomes 
2
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Eq. 3-7 
The lateral intensity profile in terms of v is plotted below in Figure 3.5, normalized by 




Figure 3.5 Intensity profile at focal plane in terms of radial optical coordinate v, normalized by maximum 
intensity: (left) Density plot; (right) 3D plot. 
This profile shows that approximately 80% of the incident energy is confined to the 
central bright spot, and the position at which the intensity drops to zero for the first 
time is at approximately v=3.83. 
According to Figure 3.4, we can rewrite v as 
0 0
2 2 2 2( ) sin sinav r r r r n r NA
f
π π π πθ θ
λ λ λ λ
= = ⋅ = ⋅ = ⋅
 
Eq. 3-8 
where NA=nsinθ is called the Numerical Aperture of a lens. It is clear that the spot 
size r is inversely proportional to the NA of the lens therefore an objective lens with a 
higher NA can yield a tighter lateral focused spot. 
Now let us look at axial profile. Using the defocused pupil function for a lens 
2 1 1( , ) ( ) exp ( )
2




   
Eq. 3-9 
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Eq. 3-10 
where z∆ is the distance to the focal plane,  the defocused field distribution 2 ( , )U v u  




( , ) 2 exp( )exp exp ( )
4 2
iv iuU v u iN ikf J v d
N
ρ ρ ρ ρ
   
= − −   




Correspondingly, the intensity, which is the modulus squared of the field, can be 
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and plotted below in Figure 3.6: 
 
Figure 3.6 Intensity profile at axial plane in terms of axial optical coordinate u, normalized by maximum 
intensity: (left) Density plot; (right) 3D plot. 
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Eq. 3-13 
and drops to zero for the first time when u=12.5. As shown in Eq. 3-10, z∆ is 
inversely proportional to NA and the focusing angle, so a larger NA (also meaning 
larger focusing angle) yields a tighter focus in axial direction, similar to lateral 
direction. 
Figure 3.7 shows the intensity distribution at the axial plane for two objectives with 
different numerical apertures: low NA=0.3 and high NA=0.95. Plotted on the same 
scale, it is obvious that the high NA objective produces a much tighter focus. 
 
Figure 3.7 Intensity distribution contour plots at axial plane for objectives with (left) NA=0.3; (right) 
NA=0.95. Arbitrary units. 
In conclusion, to get a tighter focus in both lateral and axial directions for high 
resolution 3D micro-fabrication, an objective lens with high NA should be used. For 
dry lenses that operate in air, (refractive index n=1), the NA can be as high as 0.95. 
For liquid immersion lenses, such as water (n=1.33) and oil immersion lenses 
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(n=1.56), as they have higher refractive indices, the NA of the objective lens can be 
greater than 1. The highest resolution structures that are fabricated using TPL 
typically utilize immersion objectives. The objective lens used however, depends 
more on the actual application. Applications that require the substrate to be Si can 
only work with dry lenses as immersion lenses need the substrate to be transparent. 
3.3 Software development 
As mentioned in Section 3.2.1, the computerized precision stages can move in all 
three directions for the fabrication of arbitrary 3D structures. Therefore, an algorithm 
must be developed in order for the stages to move according to a predefined path, in 
synchronization with the laser blanking, in order to fabricate 3D structures. 
3.3.1 Slicing of 3D design 
A 2D image is often represented by a colour matrix where each element is called a 
pixel. If the image is binary, then only black and white pixels are present. Therefore, 
making an arbitrary 2D structure can be straightforward, just by raster scanning the 
stages in X and Y directions, defining black and white pixels to be “ON” and “OFF” 
states for the laser blanking, respectively. However, in the case of a 3D design, it is 
not so simple. Rather than extending the 2D matrix by one more dimension, 3D 
designs are often represented in a vector format like dxf (developed by Autodesk). 
The dxf format contains information on how the shape is built up by fundamental 
building blocks such as cubes and spheres.  
A simple and straightforward alternative method to 3D scanning involves slicing the 
3D design in Z direction into a number of layers. During fabrication, each layer is 
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scanned in the same way as a 2D structure, with its height determined by the axial 
resolution of the focal spot. The different layers are fabricated at different height 
levels, and they are stacked together to build the 3D structure. The more layers used, 
the smoother the fabricated structure will be. In practice, slicing is done using 
AutoCAD software, see Figure 3.8. After slicing, each layer is converted individually 
into a binary bitmap. The choice of the distance between slices is an important 
consideration. If the gap is too large (rough slicing), details can be lost, and if the gap 
is too small (fine slicing), the fabrication speed is reduced. In practice, the gap is 
chosen to be one third of the laser focal spot axial resolution. That is to say, if the 
height of the focal voxel is 3 μm, then the gap is set to be 1 μm. 
 
Figure 3.8 A cone design in AutoCAD (left) being sliced into 15 layers (right). 
3.3.2 tpl file coding 
In conventional stage scanning algorithms, a scaling factor needs to be defined to 
convert the pixel unit into a real length. For example, a scaling factor 2 means 1μm = 
2 pixels, or 1 pixel = 0.5μm. During fabrication, the stage dwells at each pixel for 
certain time and quickly jumps to the next pixel. In order to get higher resolution, a 
higher scaling factor should be used. Figure 3.9 demonstrates the idea. For two circles 
 34 
 
with the same size, the right circle has 2.5 times the scaling factor of the left circle, 
therefore the edge is smoother. A larger scaling factor reduces the loss of geometrical 
information. In practice a scaling factor of 3 is usually enough to maintain an 
acceptable resolution during fabrication. 
This fabrication strategy is relatively straightforward however it has a major 
drawback. The file size for defining the structure in 3D can be extremely large, 
especially for designs that have many layers. For instance, suppose we would like to 
make an array of structures that have an overall dimension of 5mm×5mm×50μm and 
50 layers (suppose the z-step is 1μm) of binary bitmaps each with size 15000×15000 
pixel2, and a scaling factor of 3, The total size of the bitmap files required to define 
the structure is about (150002/8)×50 byte = 1.4Gb. 
 
Figure 3.9 Binary bitmap designs for a 10μm circle: scaling factor 2 (left) and scaling factor 5 (right). 
It is clear that a more efficient file format is required if we do not want to sacrifice the 
resolution. Consider the process involved in writing a single line. Instead of digitizing 
the line into individual points by defining a scaling factor, one can simply define a 
scan speed. In this manner, the laser spot moves smoothly and continuously during 
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the scan process. As the continuous movement is equivalent to digitizing the line with 
minimum step size of the stage, it yields the best resolution. Furthermore, the input of 
scaling factor has been replaced by the scan speed, and coordinates of all the 
individual points are not necessary either. 
 
Figure 3.10 A simple 2D design in its bitmap format (left) and tpl format (right). 
In summary, to write a single line, only the positions of the two end points is 
necessary, to write a 2D structure, only the contour outline is necessary and to write a 
3D structure, only the contour shell is required. The file format, which we name using 
the extension “tpl”, contains all the information required to make any arbitrary 3D 
structure. Figure 3.10 illustrates a simple 2D design in its binary bitmap format and 
tpl format. We have developed our own programme to convert bitmap files into the 
“tpl” format. In “tpl” format, only end points A, B, C, D, E and F are recorded in unit 
of pixel. We have also developed our own stage scan programme, that reads “tpl” files 
and turns on the laser when the stage moves from A to B, or C to D, or E to F, with a 
speed that the user inputs; and blank the laser when the stage moves from B to C, or D 
to E, or F to the next line, with the maximum stage speed. Note that the stage raster 
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scans in X direction, so the speed is also set for X. In Y direction, a scaling factor is 
still required. 
The raster scan programme “MultiFab” is written in LabVIEW based on the “tpl” 
algorithm. It allows the user to fabricate several different structures on the same 
sample. For each fabricated structure, the user loads the “tpl” file, defines a scan 
speed, a scaling factor in Y, and the step size in Z. Once all these parameters are 
defined, the programme runs in batch mode fabricating each of the structures. 
The layer-by-layer approach used in the “tpl” algorithm greatly reduces the file size 
however the scanning process can still be optimized further. This can be achieved by 
using true 3D vector scanning. Currently software that enables 3D vector scanning is 
being developed. 
3.4 Photoresist study 
After the fine optical alignment and the software developed for our TPL system, the 
photoresist material needs to be studied and calibrated to find out the optimized 
processing parameters for high resolution true 3D microstructure fabrication. This 
section concentrates on photoresist study. In Section 3.4.1, the substrate is first 
discussed, and Si is chosen as is required for metamaterials research. Section 3.4.2 
compares different positive and negative photoresists, and concludes that SU-8 is the 
best, with detailed processing procedures and calibration results discussed in Section 
3.4.3. Lastly in Section 3.4.4, a processing optimization is carried out to minimize the 




The conventional method of fabricating microstructures using the TPL technique 
requires the use of glass as a substrate. This is due to that fact that an immersion 
liquid (water or oil) is typically placed between the objective lens and the substrate in 
order to achieve high NA and high resolution (Section 3.2.2). For metamaterials 
applications, and in particular for THz frequencies, a silicon substrate with high 
resistivity is required. The experimental setup for glass and silicon substrates is 
different, see Figure 3.11. Focusing the laser for a Si substrate is relatively 
straightforward, as both the Si/resist interface and resist/air interface have a large 
refractive index contrast (nSi=3.4 and nresist=1.5). On the other hand, for glass 
substrates, focusing on the glass/resist interface is difficult as they have almost the 
same refractive index. Thus, fabrication should start from the resist/air interface and 
move towards the substrate. If this method is used for fabrication, the height of the 
structure should be the same as the thickness of the resist, or slightly larger. Otherwise, 
any experimental error introduced from the measurement of the thickness or stage 
movement might result in the structure not coming into contact with the substrate.  
 
Figure 3.11 Sample setups for Si substrate (left) and glass substrate (right). 
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3.4.2 Photoresist studies 
Both positive and negative photoresists can be used for two-photon polymerization. In 
our resist tests, we compared five different resists: Shipley S1813 (positive), AZ1518 
(positive), Microresist ma-P 1275 (positive), SU-8 2000 (negative) and Microresist 
Ormocore (negative). 
A. Shipley S1813 positive resist 
The resist was first spin coated on a piece of Si. No soft-bake is required. After 
irradiation, the sample is washed by its developer Microposit MF-321. Within 30 s, 
the structures come out and the sample is rinsed by distilled water. It has quite good 
resolution of around 500 nm, see Figure 3.12. 
 
Figure 3.12 Planar structures fabricated in S1813. 
Nevertheless, there are several drawbacks when using this resist. Firstly, the resist is 
too sensitive to the stage speed. It is clearly seen from Figure 3.12 that the edges are 
overdosed. This is because the stage accelerates and decelerates at the end points of 
the line. Secondly and most importantly, S1813 is a very thin resist. The maximum 
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thickness for coated S1813 resist is 2μm, which prevent us from making useful high 
aspect ratio or 3D microstructures. But for 2D fabrication, S1813 is still a good choice. 
B. AZ1518 positive resist 
AZ1518 resist is similar to S1813, with even higher sensitivity. As shown in Figure 
3.13, a little overdose exposure causes serious thickening of the line widths. 
Furthermore, the adhesion between the resist and the Si substrate is quite poor. 
Although this resist can have up to 10μm spin coated thickness, the poor quality under 
TPL hinders it from real applications. 
 
Figure 3.13 Planar structures fabricated in AZ1518. 
C. ma-P 1275 positive resist 
ma-P 1275 is a thick positive photoresist with a maximum coating thickness 50 μm. 
Although theoretically it should allow for high aspect ratio fabrication, in reality it 
proved to be difficult. The best lateral resolution that was achieved was 2 μm. 
Another problem that arose in using this resist for TPL was its sensitivity to 
development time. If the developing time was too short, the developer could not go 
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deep into the resist, causing underdevelopment. If the developing time was too long, 
the surrounding unexposed region began to dissolve, as shown in Figure 3.14. 
 
Figure 3.14 ma-P is poor in resolution (left); and can be easily over-developed (right). 
D. SU-8 negative resist 
SU-8 has been proven to work very well with two-photon polymerization by many 
researchers [51-53]. We studied different formulations of SU-8, and found that they 
actually behave quite differently during TPL 3D fabrication. The original formulation 
of SU-8 resulted in structures with relatively poor resolution (Approximately 1μm) 
and the SU-8 3000 series had serious shrinkage problems. Our best results were 
achieved using the SU-8 2000 series. It allowed us to achieve the best resolution and 
the least shrinkage. A detailed processing recipe for SU-8 2000 will be discussed in 
Section 3.4.3. 
E. Ormocore negative resist 
Unlike all the previously mentioned photoresists, Ormocore is a liquid inorganic-
organic hybrid polymer. It has also been proven to give good results for TPL [54, 55], 
however we found that the processing steps for Ormocore are considerably more 
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complicated than SU-8. Because of its liquid form, in our system which is based on an 
upright microscope, a “cell” for the resist is required, see the schematic in Figure 
3.15(a). Furthermore, an oil immersion lens must be used in order to focus the laser 
light through the glass cover slip into the polymer. Development time for this polymer 
can be several hours due to the time required for the developer to flow into the cell. 
The use of ultrasonic vibration accelerates the process however it can easily destroy 
the structures. 
 
Figure 3.15 (a) Experimental setup for fabrication on Ormocore; (b) Structure fabricated in Ormocore.  
3.4.3 3D fabrication with SU-8 2000  
SU-8 2000 has a standard processing procedure for UV exposure, and the processing 
for TPL is not very different. It consists of six steps: substrate cleaning, spin coating, 
soft-bake, irradiation, post-bake and development.  
1) Si substrate cleaning: The Si substrate has to be cleaned first with Acetone, then 
IPA, and lastly distilled water before spin coating, in order to achieve good 
coating uniformity as well as good adhesion. 
2) Spin coating: Different sub-formulations of SU-8 2000 have different viscosity 
and hence result in different coating thickness. The spin thickness vs. speed curves 
 42 
 
can be found on the SU-8 2000 data sheet. For thin coating below 5μm, usually 
SU-8 2005 is used; for thick coating up to 50μm, SU-8 2025 is used. 
3) Soft-bake: The soft-bake is a dehydration process. SU-8 is in the form of a viscous 
liquid before baking, and during this step, the solvent evaporates, leaving a thin 
hard SU-8 layer. The hardness depends on how well the solvent is evaporated, 
which is related to the soft-bake conditions such as temperature and time. In our 
experiments, we usually set the soft-bake temperature to be 75°C and time to be 
30 min. The soft-bake is a critical step because it is closely related to the 
shrinkage of the final structure, which will be further discussed in Section 3.4.4.  
4) TPL: Unlike normal UV exposure, TPL irradiation must be conducted layer by 
layer in order to make a true 3D structure as shown in Figure 3.16.  
 
Figure 3.16 Two fabrication schemes starting from different interfaces. 
As discussed in Section 3.4.1, the first layer can be set at either the SU-8/air 
interface ( 0.5n∆ = ) or the SU-8/Si interface ( 2.2n∆ = ). The latter is preferable 
due to two reasons. Firstly, the larger index contrast makes the focal spot more 
visible and therefore it is easier to focus; secondly, if the structure height is less 
than the thickness of the resist, starting from SU-8/air interface will result in the 
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final structure being detached from the substrate. Instead, choosing the substrate 
as the first layer, the structure will always be attached to Si, and as long as the SU-
8 thickness is larger than the height of the design, the whole structure will always 
be fabricated within the resist layer. Precise measurement of the resist thickness is 
therefore not required. As the Z stage moves up, the subsequent layers will be 
polymerized one after another. After the whole structure has been made, the 
sample undergoes a postexposure bake. 
5) Post-bake and development: This is quite a standard process. The post-bake 
process activates the crosslinking in the irradiated regions. The temperature is set 
to 95°C and the bake time is set at 10 min. After the hotplate is turned off, the 
sample is allowed to cool down slowly. Once the sample has reached room 
temperature, it is dipped into the SU-8 developer for around 5-10 minutes 
depending on the thickness of the resist. Finally the sample is rinsed with IPA. 
Before the desired structure can be fabricated, a calibration must be performed in 
order to find out the relation between line width and laser power/scan speed, as they 
are the major parameters that determine the resolution. Based on the calibration, users 
can choose different laser powers and scan speeds for their specific applications. 
Higher laser power and slower scan speed will lead to a larger line width. In the 
calibration test, we made 2D grids with different speeds and laser powers. SEM 
images are taken to measure the line widths. The results are shown below in Table 3.1. 
The widths measured are averaged over a series of lines from the fabricated grids. The 
minimum line width that was achieved was measured to be 70nm for a laser power of 
1.5mW (measured at objective lens) and a 5μm/s stage speed. For laser powers of 
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1.5mW and 1.0mW, no structures were observed for speeds greater than 5μm/s. This 
is because the lines were too thin to withstand the development process, even though 
the power used was higher than the polymerization threshold. 
 1 μm/s 3 μm/s 5 μm/s 7 μm/s 9 μm/s 
3.0 mW 1.30 μm 950 nm 800 nm 650 nm 500 nm 
2.5 mW 1.00 μm 800 nm 700 nm 500 nm 400 nm 
2.0 mW 900 nm 500 nm 200 nm 180 nm 150 nm 
1.5 mW 700 nm 400 nm 70 nm - - 
1.0 mW 400 nm - - - - 
 
Table 3.1 Resolution calibration of the TPL system using SU-8 photoresist. 
 
Figure 3.17 (left) 500nm line width with 3.0mW laser power and 9μm/s scan speed; (right) 70nm line width 
with 1.5mW laser power and 5μm/s scan speed. 
Using the calibration table, structures with line widths between 70 nm and 1.3 μm can 
be achieved by setting the correspondent laser power and scan speed. 
Some examples of the types of structures that were fabricated in SU-8 2000 using the 




Figure 3.18 Sample 2D and 3D micro-structures fabricated in SU-8 with TPL. 
3.4.4 Shrinkage study of SU-8 2000 
Shrinkage is an intrinsic property of SU-8 that is due to the different mass densities 
between the crosslinked and uncrosslinked molecules [56]. Upon crosslinking, the 
SU-8 has a larger mass density, thus it shrinks. There are two additional factors that 
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can contribute to SU-8 shrinkage. These are excess solvent molecules and 
uncrosslinked SU-8. 
As mentioned in Section 3.4.3, the sample preparation process involves a soft-bake 
step in order to remove the solvent from the spin coated SU-8 polymer. If the interior 
of the SU-8 still contains solvent molecules due to incomplete removal, then various 
degrees of shrinkage can occur during development. Furthermore, in the laser 
irradiation process, when the focal point scans, not all of the SU-8 molecules absorb 
two photons. This results in incomplete crosslinking of the SU-8 molecules and 
during development, they will be dissolved as well resulting in shrinkage. 
The two factors that contribute to the shrinkage problem are now investigated in detail 
through a series of experiments. 
A. Soft-bake temperature 
SU-8 is known to be well suited to that fabrication of high aspect ratio micro-
structures using techniques like proton beam writing [57] and LIGA [58]. For 
example, micro-pillars can be fabricated using UV lithography with aspect ratios as 
high as 40 in 200 μm layers of SU-8. When UV lithography is used, the structure 
height is determined by the layer thickness, so the surface will always correspond to 
the top of the spin coated layer. When TPL is used, pillars with different heights can 
be fabricated by varying the number of layers stacked, see the SEM image in Figure 
3.19. 
From their top surface profiles it is easy to see that they undergo different degrees of 
shrinkage. The shortest and tallest pillars have much less shrinkage problems than the 
rest. Since their irradiation parameters are the same, this difference reveals that the 
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solvent concentration is different at different levels within the spin coated layer, see 
Figure 3.19. This phenomenon can be understood from the soft-bake process. When 
the substrate is placed on top of a hotplate during the soft-bake, the solvent molecules 
at the bottom start to move upwards. At the same time, the solvent molecules near the 
surface evaporate very quickly since there is no resist blocking the way. As a result, a 
“skin” of dried, hard SU-8 forms and slows down the evaporation of the solvent 
molecules from the interior [59]. Therefore, the solvent molecules are mostly 
distributed in the middle. 
 
Figure 3.19 (left) Micro-pillars fabricated in SU-8 2000 with varying height; (right) Solvent concentration in 
different height levels. 
This problem can be overcome by using a low soft-bake temperature and a longer 
time. To further investigate the solvent removal process, we tested three different 
temperatures: 115°C, 95°C and 75°C. Baking temperature of 115°C caused surface to 
crack, therefore could not be used. SEM images of 95°C and 75°C soft-baked resists 
are shown in Figure 3.20. Lower temperatures do reduce the shrinkage effect. The 
baking time is also increased from 2 min, which is recommended in SU-8 2000 
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datasheet, up to 30 min for our experiment. Longer baking times were also tested, but 
they did not show any improvements over the 30 min used here. Furthermore, it has 
been shown by Becnel et al. that longer soft-bake time will eventually cause partial 
crosslinking of the SU-8 resist [60]. 
 
Figure 3.20 Micro-pillars of different height in SU-8 2000 with (left) 95°C soft-bake and (right) 75°C soft-
bake. 
B. Laser power 
 
Figure 3.21 Same size micro-pillars fabricated in SU-8 2000 with 3μm/s scan speed and increasing laser 
power (a) 0.8mW; (b) 1.1mW; (c) 1.4mW; (d) 2.0mW and (e) 2.3mW. 
In a previous study carried out by Ovsiankov et al. [61], where they fabricated a 
woodpile structure in a Zr-based hybrid photosensitive material, they showed that a 
higher power can reduce shrinkage. This study, however, only considered body 
shrinkage and not surface shrinkage. To investigate the effect of laser power on our 
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fabrication process we fabricated a series of micro-pillars with 3μm/s scan speed and 
varied the laser power from 0.8mW to 2.3mW (measured at the objective lens).  
From the SEM images (Shown in Figure 3.21) it can be seen that the body shrinkage 
represented by how much the pillar side walls are trapezoidal, is reduced with 
increasing laser power. However, the top surface becomes more rounded for a larger 
laser power. To find a compromise, the 1.4mW laser power seemed to be the optimal 
in this case. 
As the five structures were made from the same sample, their solvent contents should 
be the same. So the key to understanding this behaviour is that laser irradiation causes 
different degrees of crosslinking. As mentioned in Section 3.1, SU-8 is crosslinked 
when the laser intensity is above a threshold power. In reality, not all of the SU-8 
molecules will be crosslinked, especially when the laser intensity is slightly above the 
absorption threshold, see the illustration in Figure 3.22. During development, the 
uncrosslinked molecules are dissolved, and the whole structure shrinks. As the bottom 
of the structure is fixed to the substrate, it cannot shrink, thus a trapezoidal shape is 
formed. 
 
Figure 3.22 Partial crosslinking model. 
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The difference in top surface can be explained by the different voxel sizes. Higher 
laser power gives a larger focused spot, and correspondingly, the partial crosslinking 
volume is also larger, shown in Figure 3.23. Upon shrinkage, it will cause a more 
rounded surface, in agreement with the experimental results. 
 
Figure 3.23 (left) Lower laser power gives smaller focusing voxel and therefore less rounded surface; (right) 
Higher laser power gives larger focusing voxel and therefore more rounded surface. 
An optimal laser power is therefore required in order to minimize body shrinkage and 
surface shrinkage, in our case 1.4mW at the objective, for a scan speed to be 3μm/s 
was found to be optimal. 
C. Scan speed 
 
Figure 3.24 Same size micro-pillars fabricated in SU-8 2000 with 1.4mW laser power and increasing scan 
speed: (a) 1μm/s; (b) 3μm/s; (c) 5μm/s; (d) 7μm/s and (e) 10μm/s. 
The most straightforward approach to increase the degree of crosslinking is to 
increase the overlap of the voxels, and this can be achieved by reducing the scan 
speed. The SEM images in Figure 3.24 show five structures fabricated with the same 
laser power 1.4mW, and an increasing scan speed, from 1μm/s to 10μm/s. The first 
two structures have similar amounts of body and surface shrinkage. When the scan 
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speed increases, more shrinkage occurs and the structure begins to resemble a 
trapezoidal shape, and eventually collapses. 
In conclusion, the shrinkage of crosslinked SU-8 2000 structures can be minimized by: 
a) Reducing the solvent content, via a lower soft-bake temperature and a longer 
baking time; 
b) Increasing the degree of crosslinking, via an optimized laser power and scan speed. 
3.5 Summary 
To summarize, the following points have been discussed in this chapter: 
a) Two-Photon Polymerization (TPP): Near infrared femtosecond pulses can be used 
to selectively polymerize a tiny focal volume inside a photoresist based on the 
TPP non-linear optical effect, and this principle can be applied in three-
dimensional lithography via stage scanning or mirror scanning. 
b) The in-house TPL fabrication system: The individual building blocks and the 
optical construction of the fabrication system were discussed in detail, as well as 
how to achieve beam expanding, beam blanking and power control. Finally in this 
section, we discussed the choice of objective lenses by calculating the focal 
volume. To achieve tighter focusing for higher resolution in both lateral and axial 
directions, an objective with higher numerical aperture must be applied. 
c) Raster scan programming for fabricating true 3D arbitrary structures: We have 
introduced a new file type “.tpl” which contains all coordinate information of the 
3D CAD design and at the same time significantly reduces file size compared with 
bitmap stacks. We have also developed the “MultiFab” programme in LabVIEW 
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which allows arbitrary three-dimensional structures to be fabricated via layer by 
layer stage raster scan. 
d) Photoresist study: Different positive and negative photoresists were tested in this 
section, in terms of their processing, resolution, adhesion, etc. SU-8 2000 has been 
found to be the most suitable among the photoresists, therefore a detailed TPL 
processing recipe was determined. 
e) Shrinkage study of SU-8 2000: Upon development, photoresists will usually 
shrink. The shrinkage problem also occurs in SU-8 2000, so a systematic study 
was carried out to explore the reasons for the shrinkage. Three major factors were 
found, namely soft-bake temperature, laser power and scan speed. Solutions to 




Chapter 4  
Selective Electroless Silver Plating 
Electrons inside the metamaterial need to move freely in order to interact with the 
oscillating electromagnetic fields, therefore a metamaterial has to be metallic. Two-
photon reduction of metal ions has been tried out [62-64], however it is limited by the 
reduced transparency of the metal ion solutions at the laser wavelengths commonly 
used. To overcome this problem, dilute metal-ion solutions are used, which result in 
3D structures lacking mechanical stability and integrity. A more commonly used 
approach is to metalize the polymer template after it is patterned with TPL, proton 
beam writing or UV lithography. This can be achieved by sputtering, plating, 
chemical vapour deposition, etc. All of these techniques have their own pros and cons. 
In the area of 3D metamaterials, the most commonly used method is plating, due to its 
ease of operation, capability for thick and isotropic coating, and low cost. In this 
chapter, we have employed electroless plating to achieve conformal coating of 3D 
patterned SU-8 structures on silicon. The electroless plating method is first introduced 
and compared with electroplating technique in section 4.1. To prevent the metallic 
structures from shorting to the silicon substrate, it is important to be able to 
selectively coat the polymer and not the substrate. We have devised a novel approach 
of doing that using radio frequency plasma pretreatment of the sample prior to plating. 
In section 4.2, we describe the electroless plating process and discuss the mechanism 
of plasma treatment of the sample for selective coating. Selective coating on 3D 
structures is first showcased in section 4.3, followed by the optimization of coated 
surface roughness to reduce scattering. We have studied and optimized the glucose 
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concentration and plating temperature to find out the smallest surface roughness. The 
good conductivity of the silver film is also verified using four point probe method. 
Finally, we have characterized the silver coated SU-8 SRR fabricated by UV 
lithography using Fourier Transform Infrared Spectroscopy.  
4.1 Electroless silver plating 
4.1.1 Electroplating method 
 
Figure 4.1 Schematic of electroplating. 
Electroplating is a process in which metal ions in a solution are moved by an electric 
field from anode to coat an object connected on a lower electric potential known as 
cathode. Figure 4.1 shows the schematic diagram of an electroplating process carried 
out in a beaker. The anode and cathode are both connected to an external supply of 
current. The anode is connected to the positive terminal of the supply, and the cathode 
(article to be plated) is connected to the negative terminal. When the current is 
switched on, the metal at the anode (Au, Cu, Ni, etc) is oxidized from the zero valence 
state to form cations with positive charges. When the cations move to the cathode, 
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they are reduced by gaining electrons to deposit the article with their metallic, zero 
valence state. 
In our earlier metamaterial research [65], we used this method to fabricate gold 
metallic structures on Si substrates. The following is gold electroplating procedures: 
 
Figure 4.2 Procedures to make Au structures on Si substrate. 
1) Sputter a thin gold seed layer on a clean Si substrate; 
2) Spin coat photoresist with desired thickness; 
3) Pattern the resist with the inverse design; 
4) Fill the gaps with gold via electroplating; 
5) Remove the photoresist; 
6) Remove the seed layer. 
The advantage of using electroplating is that it is a low cost method for coating tens of 
microns of metal in a short time. However, it also has several weaknesses. Firstly, it 
requires many complicated procedures such as seed layer deposition and removal, 
resist deposition and removal. During these processes, the fragile structures are 
subjected to damage and can be easily destroyed. Furthermore, SU-8 resist has been 
proven to be extremely difficult to remove [66]. Secondly, the plating rate relies on 
different parameters such as solution concentration, current density and bath 
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temperature, thus coating thickness is difficult to control precisely. As is shown in 
Figure 4.2, if plating time is too long, the thickness of metal will exceed the height of 
polymer template, destroying the whole structure. Thirdly and most importantly, the 
electroplating approach is fundamentally a directional process. The metal deposition 
needs to start from the bottom which is the seed layer and move upwards. As a result, 
it cannot plate suspended features, which most true 3D structures have. 
4.1.2 Electroless silver plating  
An alternative method which can avoid these problems is electroless plating. 
Electroless plating is the deposition of metals on a catalytic surface which takes place 
in an aqueous solution without any external source of current. The metal is reduced 
from its ionic form by a reducing agent which is added into the solution, before it is 
deposited on the sample surface. The quality of the film is mainly determined by the 
adhesion between the surface and metal nanoparticles. 
For our metamaterials structures, silver is used as the metal of choice due to its high 
conductivity, low absorption coefficient and low cost. The widely adopted plating 
process is called Tollens Reaction. The following procedures describe how it is 
conducted in our lab: 
1) Prepare water bath: Having the solution beaker in a heated water bath can speed 
up the process. Water bath is heated by a hotplate and temperature is set at 45°C.  
2) Prepare chemicals: 
a) Silver nitrate solution (AgNO3). The 0.1mol/L silver nitrate solution was 




b) Aqueous ammonia (NH4OH) from SIGMA-ALDRICH. It is also diluted with 
water to get a less concentrated solution because later it would be added to the 
silver nitrate solution drop by drop and high concentration may cause 
overdose. 
c) Glucose (C6H12O6). Glucose powder is dissolved in distilled water to reach a 
concentration of 0.025mg/mL.  
3) Sample preparation: Clean the sample prior to coating. 
 
Figure 4.3 Experimental setup for electroless silver plating. 
4) Add ammonia into 25mL silver nitrate solution drop by drop. A magnetic stirrer is 
put into the solution with stirring speed 150 rpm (keep stirring during the whole 
experiment to ensure a uniform reaction). As ammonia was added, silver oxide 
(AgO2) precipitate was first produced and then disappeared as more ammonia was 




5) Plating: Put the sample into plating solution. Add 1 ml glucose and the reaction 
starts. The colour of the solution goes dark as more Ag+ ions are reduced to Ag 
particles. For 45°C temperature, the reaction takes a couple of minutes. After that, 
take the sample out, rinse it with distilled water and blow it dry. 
The equations that describe the set of chemical reactions taking place during the 
plating process are: 
2AgNO3 + 2NH4OH  Ag2O + 2NH4NO3 + H2O 
  Ag2O + 4NH4OH  2[Ag(NH3)2]OH + 3H2O 
  2[Ag(NH3)2]OH + CHO-  2Ag + 4NH3 + COOH- + H2O  
Figure 4.4 shows a piece of glass being coated uniformly by silver. The high 
reflectivity indicates a low roughness of the silver coated surface. 
 
Figure 4.4 Glass slide coated uniformly with silver following the procedures stated above. 
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4.1.3 Advantages of electroless plating for Metamaterials 
It is not difficult to conclude from the above discussion that electroless plating is more 
superior compared to electroplating, for coating metamaterials, especially 3D 
metamaterials with complex geometries, because: 
a) It is a much simpler process. No seed layer is needed and patterning of inverse 
template is also not necessary. 
b) In electroless plating, the requirement of thickness is less critical. Unlike in 
electroplating, the geometry of the structure is predefined in the polymer 
patterning process and the metal coating is used to make the structure conductive. 
This avoids the thickness control issue that occurs in electroplating and also 
reduces the processing time significantly.  
c) It can achieve conformal coatings on 3D metamaterial structures easily. 
Electroless plating is not a directional process, all structure surfaces are silver 
reduction sites, regardless of their orientation. As long as the produced silver 
particles are uniformly distributed in the solution, conformal coating can be easily 
achieved.  
4.2 Selectivity 
4.2.1 Why selectivity is required and how can it be achieved? 
For metamaterials applications, it is important that the metallic structures are insulated 
from the substrate. That is to say, by using any plating method, selectively coating the 
structures while leaving the substrate uncoated is always a necessity. The reason is 
simple: polymer structures are transparent to THz beams, while a metallic substrate 
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makes the sample reflective. To further verify this, we did a simulation study of Split-
Ring Resonators (For details of the simulation, see Appendix B).  
 
Figure 4.5 Transmittance spectra of the SRRs under both parallel and perpendicular polarizations in the 
following scenarios: (A) Neither SU-8 or Si are coated with silver; (B) Both SU-8 and Si are coated with 
silver; (C) Only SU-8 is coated with silver. Results indicate that only in scenario (C) is resonance present. 
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The SRR is a popular metamaterial structure and was reviewed in Chapter 2. Consider 
the following three scenarios:  
a) the SRRs and the substrate are both uncoated (polymer SRRs on Si substrate);  
b) the SRRs and the substrate are both coated (silver SRRs on silver substrate);  
c) only the SRRs are coated (silver structures on Si substrate).  
Two orthogonal linearly polarized light beams, with electric field parallel and 
perpendicular to the SRR gap, are incident normal to the substrate and their 
transmittance were calculated separately, shown in Figure 4.5. 
Also shown in Figure 4.5 are the transmittance spectra of the three scenarios. In (A), 
we see that the sample does not interact with the THz beams, while in (B), the beam is 
completely reflected by the metal surfaces. It is only in (C) that we can see a 
resonance dip in the spectrum when the electric field of the light is aligned parallel to 
the SRR gap. Thus, selectively coating SU-8 with an uncoated Si substrate is required 
for the electroless silver plating procedure to work. 
In order to see how well SU-8 and Si are coated following the electroless silver 
plating method described in Section 4.1.2, we plated bulk Si and bulk SU-8 samples, 
and the SEM images of the coated surfaces are shown in Figure 4.6. The bright spots 
are silver nanoparticles. The results clearly indicate that both surfaces are hardly 
coated with silver. In another word, the adhesion between the surfaces and silver 
nanoparticles is poor. So how can we increase the adhesion between silver 
nanoparticles and SU-8, while leaving the Si substrate unaffected? In other words, 




Figure 4.6 Silver coatings on (left) Si and (right) SU-8 surfaces following the electroless silver plating 
procedures. 
Recently, several pretreatment techniques have been employed to modify the 
substrate surface properties in order to achieve selectivity. Formanek et al. [67] used a 
method whereby the sample to be coated is submerged in a tin chloride solution prior 
to electroless silver plating. Since Sn2+ ions can be adsorbed by polymer surface, they 
act as preferential catalyst sites for the reduction of the silver ions. However, it 
requires the production of a hydrophobic coating on glass supporting the polymer 
structures prior to electroless plating. Also, instead of commercially available TPL 
photoresist, this work involves chemical modification of the photopolymerizable resin 
before fabrication. Without this modified resin, selectivity cannot be achieved. Wen 
Dai et al. [68] applied a large UV dose to rearrange the epoxy structures of the cross-
linked SU-8 surface in order to make it more adhesive to silver. In this case, 
conformal coating on all surfaces cannot be achieved since the UV exposure is 
directional. Very recently, Terzaki et al. [69] also reported their work on selective 
silver plating. Again, complicated chemical modification of the photoresist as well as 




In our work, we have discovered a novel and effective technique for achieving the 
selectivity. Selectivity is achieved by pretreating the surface with a Radio Frequency 
(RF) plasma prior to plating. In the following sections, we will demonstrate how the 
RF plasma can alter the chemical properties of the surfaces of SU-8 to achieve 
uniform coatings on SU-8 structures without affecting the Si surfaces. 
4.2.2 Our method: Radio Frequency (RF) plasma pretreatment 
In order to test how RF plasma can alter the surface properties of both SU-8 and Si 
surfaces, the following experiments were conducted. 
As shown in Figure 4.7, a thin layer of SU-8 was spin coated on Si substrate and 
exposed with UV irradiation. After development, a flat SU-8 surface was fabricated. 
We have treated this SU-8 sample and a Si substrate with the same dose of RF plasma. 
 
Figure 4.7 Both Si and SU-8 samples undergo RF plasma irradiations before being coated. 
The sample was first put into the chamber of our plasma cleaner (Harrick Plasma 
PDC-32G), followed by air evacuation. When the pressure dropped below 200 mTorr, 
an RF plasma was applied. Note that the plasma comes from the coils surrounding the 
sample holder and fills in the whole chamber, creating a plasma environment. All 
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surfaces, regardless of their directions, receive the same amount of plasma dose. After 
treatment, the pressure goes up to atmosphere and the sample is taken out of the 
chamber. 
The samples are then subjected to electroless plating. SEM is used to determine the 
coating quality on both surfaces. 
As shown in Figure 4.6, the untreated SU-8 and Si are both characterized by poor 
adhesion between the silver particles and the surfaces. The coating coverage is 
defined as the ratio of the coated area to the surface area. This can be calculated using 
image processing software such as ImageJ and Photoshop. The coverage of untreated 
Si and SU-8 are both approximately 1%. Further increasing the coating time or 
solution concentration does not improve the coating. 
Figure 4.8 shows how the coverage changes with plasma dose. It can be seen that the 
rate of increase in coverage for SU-8 is much faster than that of Si, resulting in high 
coating selectivity of SU-8 over Si. As the plasma dose is increased to 420J, a huge 
contrast can already been seen. The Si surface is still hardly coated but the coating 
coverage for SU-8 is increased to 42%. When the plasma dose is doubled to 840J, the 
coating coverage for SU-8 becomes 84%. At a plasma dose of 2160J, the SU-8 
surface is completely covered while the coverage for Si is only about 5%. An 
optimization on the coating quality is discussed in detail in Section 4.3.2. 
The results indicate that plasma treatment induces preferential deposition of Ag on 
SU-8 surface at a much higher rate than on Si surface. In this case, a large range of 
plasma doses can be applied to modify their surface properties prior to coating. This is 
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a relatively simple and effective method of achieving high selectivity compared to 
other processes. 
 
Figure 4.8 The coating coverage on both surfaces as a function of the plasma pretreatment dose, and the 
SEM images of coated (a) Si at dose=0; (b) SU-8 at dose=0; (c) Si at dose=2160J; (d) SU-8 at dose=2160J. 
4.2.3 Mechanism 
In the field of microfluidics, plasma pretreatment is usually applied to the sample 
before bonding with glass [70]. The reason is that most polymer surfaces are 
hydrophobic so they do not have good adhesion with glass, which might cause poor 
bonding, and as a consequence, poor performance of the microfluidic chip. Plasma 
treatment can turn the polymer surface hydrophilic to achieve good bonding [70]. 
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Formanek et al. showed that metal nanoparticles “like” hydrophilic surfaces [67]. 
Therefore, an assumption which could possibly explain the coating contrast is that 
plasma treatment turns SU-8 surface hydrophilic while the Si surface remains 
hydrophobic. In order to verify the assumption, a contact angle measurement was 
conducted for both Si and SU-8 surfaces before and after the treatment. The results 
are shown in Figure 4.9. 
 
Figure 4.9 Contact angles of Si and SU-8 surfaces measured before and after plasma treatment. 
It is clearly seen that untreated SU-8 surface is more hydrophobic than Si. The 
treatment indeed turns both surfaces hydrophilic. However, the treated SU-8 surface 
is still more hydrophobic than Si. Therefore, hydrophilicity cannot account for the 
drastic difference in Ag coverage for both surfaces. A more likely reason for the 
coating selectivity is the formation of new chemical bonds on the SU-8 surface. X-ray 
Photoelectron Spectroscopy (XPS) measurements performed by Walther et al. have 
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shown an additional peak centred at 289.2eV for the plasma treated SU-8, which can 
be attributed to carboxylic (COOH) and aldehyde (CHO) groups generated by 
oxidation [71]. Gerenser et al. have shown in an earlier study that silver ions can 
interact with C=O bond in carboxylic and aldehyde groups to form Ag-O-C bond [72]. 
Combining the information, we come up with a possible mechanism for its selectivity: 
when the SU-8 sample is irradiated by RF plasma, C=O bonds, in the form of COOH 
or CHO, are generated on the surface. This cannot happen to Si because it does not 
have carbon atoms. When the sample is dipped into silver nitrate solution, Ag ions are 
attracted by SU-8 surface because it can form an Ag-O-C bond with C=O. Therefore, 
the SU-8 surface becomes a preferential catalyst site for the reduction of silver ions, 
shown in Figure 4.10. For the Si sample, the plasma produces more hydroxyl (-OH) 
groups on its surface [73], which accounts for the hydrophilicity, but does not help to 
increase the adhesion of silver. 
 
Figure 4.10 Mechanism for selective silver coating on SU-8 surface: a) plasma irradiation generates C=O 
bonds; b) Ag ions interact with C=O and form Ag-O-C bonds; c) Ag ions are reduced on the surface of SU-8. 
4.3 Results 
4.3.1 Coating on 3D structures 
To demonstrate the 3D selective coating capability, we fabricated an array of 3D 




Figure 4.11 3D SU-8 chiral structures fabricated by TPP prior to coating. 
Then, a medium dose of plasma of 840J was applied to the sample array before 
coating. Figure 4.12 shows the structures before and after coating respectively. It is 
clearly shown that the 3D SU-8 structure is coated with a uniform layer of silver, in 
contrast to the Si substrate, which remained relatively free from Ag particles. 
 
Figure 4.12 Same 3D SU-8 structure coated with silver. Surface is granular but fully covered with silver. 
4.3.2 Roughness optimizations of coated surface 
For silver coated metamaterials, surface roughness induces scattering and can affect 
the optical quality of the structures. In this section, different coating parameters will 
be studied to optimize the surface roughness of coated SU-8 structures. From the 
reaction equations, the most important parameter is the amount of glucose, because 
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this chemical reduces silver ions into their metal form, and its amount determines the 
amount and rate of the silver nanoparticles that are generated. 
Keeping all other parameters unchanged, we have studied the surface roughness of the 
films for three different glucose concentrations of 0.0125mg/mL, 0.025mg/mL and 
0.0375mg/mL. The plating temperature is kept at 45°C. After the samples are coated, 
Atomic Force Microscopy (AFM) images were taken to measure their root-mean-
square roughness Rq. Plotted in Figure 4.13 are the results for plating durations of 60s, 
90s and 120s. 
 
Figure 4.13 Surface roughness measured as a function of glucose concentration at a constant temperature of 
45°C. 
The results clearly show that surface roughness increases with increasing glucose 
concentration and plating duration. The smallest roughness is 15.4 nm, obtained at a 
glucose concentration of 0.0125mg/mL, and plating duration of 60s. That is to say, a 
slower reaction and less accumulation of silver nanoparticles aids to reduce the 
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surface roughness. It is worthy to note that no Ag is coated on SU-8 if the glucose 
concentration is lower than 0.0125mg/mL.  
Using the optimized glucose concentration of 0.0125mg/mL, we have further tested 
the effect of plating temperature on surface roughness. Figure 4.14 shows the results 
of surface roughness for plating temperatures of 35, 40, 45 and 50°C for different 
plating durations of 60, 90 and 120s.  
 
Figure 4.14 Surface roughness measured as a function of coating temperature. 
The results show that surface roughness decreases with decreasing temperature. The 
smallest roughness is 9.1 nm, obtained under 35°C plating temperature, 0.0125mg/mL 
glucose concentration and 60s plating time. Also note that when temperature is below 
35°C, no silver coating on SU-8 was observed. 
Figure 4.15 shows the AFM topography images of the coated SU-8 samples under 




Figure 4.15 AFM topographies of the coated SU-8 samples under different experiment conditions: (a) 
glucose concentration 0.0125mg/mL, temperature 35°C and duration 60s; (b) glucose concentration 
0.0125mg/mL, temperature 45°C and duration 60s; (c) glucose concentration 0.025mg/mL, temperature 
45°C and duration 120s. The scan area for all three samples is 5.0×5.0μm2, and the scale bar is 200nm. 
In short, we have verified that a slower reaction speed helps reduce the surface 
roughness. This can be explained by the growth mechanism of silver on SU-8 surface. 
The bond dissociation energy of Ag-O is around 213KJ/mol and Ag-Ag is around 
162KJ/mol. In other words, the silver nanoparticles tend to bond with oxygen on the 
surface of SU-8 more than with other Ag ions. This growth is called layer-by-layer 
formation, which is prefered because it yields a lower surface roughness. But when 
the reaction is fast, or when the silver produced is too much, the Ag-Ag bonding will 
also be present, known as island formation. Small silver islands attract more silver 
nanoparticles, hence grow into bigger islands, and increase the surface roughness. 
These two different deposition mechanisms are illustrated in Figure 4.16. 
 
Figure 4.16 Two deposition behaviours result in different surface roughness: (left) layer-by-layer formation; 
(right) island formation. 
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As a result, a slower reaction allows the silver nanoparticles to have more time to 
interact with SU-8 surface bonding to oxygen, whereas a fast reaction causes more 
unwanted deposition of silver onto other silver sites. After the whole SU-8 surface is 
covered with a layer of silver, if there are still silver nanoparticles being produced, 
like in the case of higher glucose concentration and longer plating duration, Ag-Ag 
bonding becomes the only choice and this increases the roughness. On the other hand, 
when the glucose concentration is below 0.0125mg/mL and temperature below 35°C, 
the production of silver nanoparticles is both too little and too slow for them to cover 
the sample surface for the current experimental conditions.  
To conclude from the above mentioned sets of experiments, the optimum plating 
condition is: glucose concentration 0.0125mg/mL, temperature 35°C and coating 
duration 60s. We also have to verify that it meets the requirement for minimum 
coating thickness.  
 
Figure 4.17 Resonance behaviours of SRRs fabricated with different materials. Pure SU-8 SRRs are 
transparent to THz beam, pure silver SRRs have resonance at 2THz, and SU-8 SRRs with 100nm silver 
coating behaves similar to the silver SRRs, with a slight frequency shift. 
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It can be shown from simulation (see Appendix B) that electric field is distributed on 
the surface of the metal structures and not the interior, and this is why coated 
metamaterial structures behave just like their bulk metal counterparts, with just a 
slight shift of the resonance frequency, see Figure 4.17. 
However, if the coating on the surface is too thin, this may result in electric field 
penetrating through the metal coating, resulting in loss. The skin depth for silver at 2 
THz frequency is around 40 nm. Therefore, the thickness of the coating should not be 
less than 40 nm. We did crosssectional SEM to measure the silver coating thickness 
under the optimal condition described above. The average measured thickness was 
100 nm (Figure 4.18). 
Furthermore, the resistivity of the coated SU-8 surface was measured and calculated 
using the four point probe method. The sheet resistance of the 1cm2 SU-8 sample with 
100 nm Ag coating was measured to be 0.2Ω, which corresponds to a resistivity 9×10-
8 Ω.m. This is of the same order as the nominal value for bulk Ag which is 1.6×10-8 
Ω.m. 
 
Figure 4.18 SEM image of the crosssection of coated sample. Thickness is measured to be 100nm. 
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4.3.3 Optical characterization of silver coated SRRs 
 
Figure 4.19 (a) An array of double split ring resonators fabricated in SU-8 on Si and coated with Ag using 
selective electroless plating. (b) Transmission spectra for the electric field parallel and perpendicular to the 
SRR gap showing an LC resonance dip at 0.64 THz. 
To demonstrate the effectiveness of the coating technique for metamaterials 
applications, an array of SRRs was fabricated in a 2 µm SU-8 layer spin coated on a 
Si substrate. Since the SRRs are planar structures, UV lithography was used in 
fabrication instead of TPL. The structures were plasma pretreated and then coated 
with approximately 100 nm of Ag. Figure 4.19(a) shows an SEM image of the silver 
coated SU-8 SRR array, with minimal silver deposition on the Si substrate. Fourier 
Transform Infrared Spectroscopy (FTIR) was then carried out using a Bruker Vertex 
80V vacuum FTIR system. The terahertz beam produced from a mercury arc lamp 
was discriminated into transverse electric (TE) and transverse magnetic (TM) 
polarization using a polyethylene FIR polarizer placed before the sample.  The 
transmitted signals were then detected with a liquid helium cooled Si bolometer 
(Infrared Laboratories) at a resolution of 0.2cm-1. The FTIR spectrum, shown in 
Figure 4.19(b), reveals the presence of an LC resonance at approximately 0.64 THz 
for light with the electric field polarized parallel to the SRR gap. The resonance 

















disappears when the electric field polarization is rotated by 90 degrees. As has already 
been mentioned, at the resonance frequency, the skin depth of the incident light is less 
than the coated Ag thickness therefore the interaction between the incident THz wave 
and the underlying SU-8 dielectric is minimal. 
4.4 Summary 
In this chapter, we have discussed: 
a) Electroplating and electroless plating: Electroplating involves complicated 
procedures, and when the coating template is 3D, it is difficult to achieve the 
coating uniformity because it is a directional coating process where deposition of 
metal is always normal to the seed layer. In contrast, electroless plating has 
simpler procedures and the potential for uniform coating, as it is the deposition of 
metals on a catalytic surface which takes place in an aqueous solution without any 
external source of current. However, whether a surface can be coated depends 
largely on the interaction between the metal particles and the surface. 
b) Selectivity in electroless silver plating of SU-8 3D structures: Metamaterials 
require the SU-8 structures to be coated uniformly, with the Si substrate kept un-
coated. However, the electroless silver plating results show that both SU-8 and Si 
surfaces have poor adhesion with silver nanoparticles. In order to achieve the 
selectivity, we have used radio frequency air plasma to pretreat the samples prior 
to coating. The detailed calibration shows that proper plasma dose can activate the 
SU-8 surface while keeping the Si surface unchanged, thus achieve the selectivity. 
Finally, we discussed the mechanism of the selectivity. The reason is because 
plasma generates C=O bonds on SU-8 surface which later can interact with Ag 
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ions to form Ag-O-C bonds. Hence, the SU-8 surface becomes a preferential site 
for the reduction of silver. 
c) Optimization of the coating parameters to achieve the smallest surface roughness: 
Glucose concentration and plating temperature have been found to be the major 
factors determining the coating roughness, because they directly affect the amount 
and speed that silver nanoparticles are produced. Atomic force microscopy was 
used to measure the roughness of samples plated under different conditions, and 
the smallest roughness we found was 9.1 nm under the condition of 0.0125mg/mL 
glucose concentration and 35°C plating temperature. 
d) Experimental verification of the selective electroless silver plating technique: We 
have performed a simulation of SRRs to prove that as long as the coating layer is 
thicker than the skin depth of silver, the coated metamaterial functions similar as 
bulk metal metamaterial with the same geometry. A crosssectional SEM analysis 
was done to measure the thickness of silver coating under optimal coating 
conditions. The thickness was found to be 100 nm while skin depth of silver in 
THz range is about 40 nm. Resistivity of coated SU-8 sheets was also measured 
via the four point probe method, and it was found to be of the same order as bulk 
silver. Finally, silver coated SRRs were characterized with an FTIR system, which 
verifies the good quality of the selective silver plating. 
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Chapter 5  
High Aspect Ratio Split-Ring Resonators 
The Split-Ring Resonator (SRR) is one of the first “meta-atoms” and was first 
proposed by Pendry [2] in 1999. When excited with oblique incidence, a negative 
permeability can be achieved and in combination with a metallic wire, simultaneous 
negative permittivity and permeability can be achieved giving a negative refractive 
index. The SRR-wire combination was later fabricated in GHz range by Shelby et al. 
[3] and a negative refractive index was experimentally verified. Since these early 
demonstrations of simultaneous negative permittivity and permeability, the SRR has 
been studied extensively and the size has been scaled down in order for it to achieve a 
negative index at higher frequencies. Most of the SRR structures that have been 
fabricated are planar with thicknesses in the order of 100 nm. The main focus of this 
current study is High Aspect Ratio (HAR) SRRs, and how such structures can be used 
to improve the sensitivity in sensing applications. 
This chapter involves a detailed study of HAR SRRs including simulation, fabrication 
and characterization. In Section 5.1, the physics of SRRs is first introduced, followed 
by a simulation study of HAR SRR with comparisons to planar SRRs. Section 5.2 
discusses the SRR fabrication with our TPL system. Since HAR SRRs are 2.5D 
structures (2D structures extruded in the z direction), layer-by-layer fabrication is not 
necessary. We therefore developed a beam shaping technique that elongates the focal 
volume from an ellipsoid to a line. This allows for the fabrication of 2.5D structures 
as high as 35 µm in a single scan, while still maintaining the lateral resolution. Some 
example structures fabricated with this beam shaping technique are shown in this 
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section. In Section 5.3, we utilize an alternative technique for fabricating HAR SRRs. 
Proton beam writing (PBW), a unique direct write nanolithographic technique 
developed at the Centre for Ion Beam Applications (CIBA), National University of 
Singapore is used to fabricate HAR structures in SU-8 in order to compare their 
properties with the structures fabricated using TPL. In Section 5.4, optical 
characterization of the HAR SRR structures is shown using Fourier Transform 
Infrared Spectroscopy (FTIR) followed by discussion. Finally, the chapter is 
summarized in Section 5.5.  
5.1 High Aspect Ratio (HAR) Split-Ring Resonators (SRRs) 
5.1.1 LC resonance of SRR 
The SRR structure consists of one or two metallic rings each with a gap. There are 
several variations to the SRR configuration, shown in Figure 5.1. Pendry’s original 
design [2, 46] was made of two concentric split rings with their gaps on the opposite 
sides of the structure (Figure 5.1(a)). The inner ring contributes to the net capacitance 
of the double SRR and lowers the resonance frequency, and can be removed without a 
significant impact on the SRR’s function [3], as shown in Figure 5.1 (b). The 
concentric rings can also be replaced by squares, shown in Figure 5.1(c) and (d). 
Figure 5.1(e) to (h) show some more examples of SRR configurations.  
The SRR can be excited both magnetically and electrically. For the magnetic 
excitation, an oscillating magnetic field normal to the SRR plane (Figure 5.1(b)) 
induces current flowing in the split ring which produces another magnetic field that 
may either oppose or enhance the incident field [3]. The early studies all adopted the 
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magnetic excitation scheme using oblique incidence in which the wave vector k is in 
plane with the SRR. This was achieved by fabricating the SRRs on circuit boards as 
shown in Figure 2.3. 
However, making SRRs with this 3D configuration is not possible when the SRR size 
is scaled down. Due to constraints of planar technology such as electron beam 
lithography, later applications mostly adopted the electric excitation scheme (Figure 
5.1(d)) because it allows the SRR structures to be fabricated directly on a substrate 
and only normal incidence is required. 
 
Figure 5.1 Different configurations of SRR. (a-d) Traditional double SRRs and their simplified single-ring 
versions; (e) U-SRR; (f) Double-split SRR; (g) eSRR and (h) Four-fold rotational-symmetry eSRR. 
The SRR behaves differently under normal incidence of electromagnetic waves with 
different polarizations. When the light polarization is parallel to the gap, a distinctive 
transmission dip is observed at a resonance frequency. This resonant dip is absent for 
light polarized perpendicular to the gap. Transmission spectra simulated using CST 




Figure 5.2 Transmission spectra of SRR under two orthogonal polarized incidence. A transmission dip is 
shown for parallel incidence (E field along x-axis). 
To understand the origin of the transmission dip, we can consider the SRR structure 
as a combination of an inductor and a capacitor. When the electric field is oscillating 
parallel to the SRR gap, an AC current flows along the ring. At the resonant 
frequency, almost all the energy is absorbed, hence the transmission is minimized. In 
the case of perpendicular polarization, the two plates of the capacitor are positive or 
negative charged at the same time, so there is no current flow and no resonance in the 
ring. The simulated E-field distribution is shown below in Figure 5.3 to illustrate the 





 Eq. 5-1 
and it can be tuned when the geometric parameters of the SRR is changed, such as the 
size of the SRR, the width of the ring, the width of the gap, and the separation 




Figure 5.3 Electric field distribution on the SRR plane under (a) parallel polarization and (b) perpendicular 
polarization at resonance frequency. 
5.1.2 HAR SRR in sensing 
As mentioned previously, the resonance frequency is dependent on the geometric 
parameters of the SRR. It also depends on the dielectric environment, because the 
capacitance is related to the relative permittivity 2r nε = of the medium that surrounds 




ε ε=  Eq. 5-2 
where A is the area of the SRR crosssection, d is the gap distance and n  is the 
refractive index of the material between the SRR gap. 
SRR array in principle can be used to detect changes of the surrounding environment. 
The larger the change in resonance frequency, the more sensitive the SRR structure is 
to its environment. To investigate the relation between resonance frequency and the 
refractive index of the embedded medium a simulation study was carried out. 
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The geometric parameters of the simulated SRR array are: SRR size L=10µm, width 
w=2µm, gap width g=2µm, separation s=5µm. The height is set at H=20nm which is 
normally the case in electron beam written planar SRRs. The refractive index of the 
surrounding medium is varied from 1.0 to 1.5, with 0.1n∆ = . The transmission 
spectra under parallel incidence are plotted in Figure 5.4. 
 
Figure 5.4 Resonance frequency of a 20nm SRR under parallel polarized incidence. The refractive index of 
the medium in which the SRR is embedded varies from 1.0 to 1.5. 
The sensitivity can be defined as the shift in resonance frequency per unit change of 
refractive index (RIU). The average resonance frequency shift per 0.1n∆ =  can be 
calculated from the graph to be 0.015 THz, so the sensitivity of the 20nm SRR is 0.15 
THz/RIU. 
Next, we changed the height of SRR to 3µm, keeping all the other parameters the 




Figure 5.5 Resonance frequency of a 20nm SRR under parallel polarized incidence. The refractive index of 
the medium in which the SRR is embedded varies from 1.0 to 1.5. 
For these thicker SRR structures we observe that there is a significant increase in the 
shift of the resonance frequency when the dielectric environment is changed. The 
average resonance frequency shift per 0.1n∆ =  was calculated to be 0.158 THz, and 
consequently the sensitivity is 1.58 THz/RIU. 
We can conclude from the results that by increasing the height to 3µm, the SRR 
becomes 10 times more sensitive so in principle it can detect smaller refractive index 
changes. Figure 5.6 shows the resonance shift of the SRRs with respect to their height 
when the surrounding media is air ( 1.00n = ) and water ( 1.33n = ). It indicates that the 
higher the SRR, the larger the resonance shift when the surrounding media changes 




Figure 5.6 Resonance shift with respect to the SRR height, when the surrounding media is air (n=1.00) and 
water (n=1.33). 
Figure 5.6 confirms that HAR SRRs are prefered in terms of sensitivity. For planar 
SRR structures, usually electron beam lithography is employed in the fabrication, but 
the penetration depth for e-beam is limited to the micron range. In order to make high 
resolution and high aspect ratio structures such as the HAR SRRs, new techniques 
should be explored. In this chapter, two approaches utilizing Bessel laser beam and 
proton beam will be discussed and used in the fabrication of HAR SRRs in SU-8, 
followed by electroless silver plating to complete the fabrication.  
5.2 Fabrication of HAR SRRs by TPL with an Axicon lens 
High aspect ratio structures can be fabricated using TPL using a layer-by-layer 
method whereby a 2D pattern is repeatedly scanned in the XY plane, and the height of 
the structure is built up by stepping a Z stage at the end of each scan. This method is 
well suited to the fabrication of “true” 3D structures but it is not an efficient 
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fabrication method if the structure is a HAR 2D structure (i.e. A 2D structure extruded 
along the z axis). If the focal profile can be shaped into a line in the axial direction, 
then a single scan will be able to produce a HAR structure. In this section, we will 
show that such a beam profile (named Bessel beam) can be produced using a conical 
lens called an Axicon. The Axicon is able to produce a line focus in the axial direction 
that can be several tens of microns in length allowing HAR structures to be made in a 
single 2D scan. 
Consider the experimental setup shown in Figure 5.7 where an Axicon lens with a 
diameter D  and base angle θ  is placed at distance 0z  in front of an objective lens. 
The objective lens can be approximated as a thin lens in the calculation. We also 
assume that a laser with a wavelength of 800 nm is incident on the Axicon lens. (In 
reality a femtosecond laser typically has a spectral width of 10nm FWHM.) 
 
Figure 5.7 Axicon in combination with a lens can give an elongated focal profile called Bessel region. 
Suppose the field immediately before the Axicon can be represented by a Gaussian 
beam 
2 2
1 0 2( , ) exp( )
x yU x y U
D
+
= −  Eq. 5-3 
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and the field after the Axicon can be expressed as the product of the incident field and 
the transmittance of Axicon, which is given by 
( , )
2 1 1( , ) ( , ) ( , ) ( , ) ( , )
i x yU x y U x y t x y U x y P x y e ϕ−= =  Eq. 5-4 
where ( , )P x y  is the pupil function defined as 
1,    / 2
( , )






 Eq. 5-5 
and the phase change can be derived from the geometry of the Axicon as 
( , ) [ ( 1)] tan
2
Dx y k r nϕ θ= ⋅ ⋅ − − ⋅  Eq. 5-6 
where 2 /k π λ=  and 2 2r x y= + . The Axicon has diameter of 1 D cm= and 1θ = °  
with refractive index 1.51n = . 
3U  is the profile of 2U  after propagating in free space for a distance 0z , and they are 
related by the generalized Huygens-Fresnel integral given by 
2 20
1 2 1 2( 2 )2
3 2 2 2 1 1 1 1( , ) ( , )
kikz i Ar Dr r r





 Eq. 5-7 






 which relates two 
light ray vectors in an optical system. From 2U  to 3U , light propagates in free space, 






S . From 3U  to 4U , light is first focused and 
 87 
 
then propagates in free space, so the ray transfer matrix is 
1 0
1





  −   
 
LS = , 
where f  is the focal length of the objective lens and z  is the distance from the 
observation point to the focal plane of the objective lens. 
4U  can be derived from 1U  using the set of equations and the transfer matrix 
described above. The intensity, which is the modulus squared of the field, is 
calculated numerically using MATLAB and plotted in Figure 5.8. 
 
Figure 5.8 Intensity distributions of the focal point at different planes. (a) Focal plane; (b) 15μm after the 
focal plane; (c) 30μm after the focal plane; (d) 45μm after the focal plane. The X-axis uses a 1:1 aspect ratio 
with Y-axis, and the scale is 44μm for (a) and 10μm for (b-d). 
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From the plot one observes that the Bessel region, which starts at around 15μm after 
the focal plane, can be as long as 30μm. If the line width is 1μm, which can be easily 
achieved, the aspect ratio for this beam is 30. This allows high aspect ratio 2.5D 
structures to be made easily using a single scan. 
Experimentally, the Axicon is put into the light path after the beam expander and 
before the microscope. The distance 0z  between Axicon and objective lens is about 
30 cm. 
 
Figure 5.9 HAR structures fabricated with TPL in combination with Axicon, aspect ratio as high as 15. 
The SEM images in Figure 5.9 show some high aspect ratio structures fabricated with 
the Axicon lens. For these structures, the scan speed was set to 1µm/s. Figure 5.9(a)-
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(b) show a self-supporting grid fabricated on a Si substrate. The height of the grid, 
which is determined by the thickness of the SU-8 resist layer, was 13.5µm, and the 
width of the lines is 900nm. This gives an aspect ratio of 15.  
The SEM images in Figure 5.10 show HAR SRRs fabricated with an Axicon, first in 
SU-8 and then electrolessly coated with silver. Note that due to SU-8 shrinkage, the 
high aspect ratio SRRs appear trapezoidal in shape. 
 
Figure 5.10 HAR SRRs fabricated first in SU-8 (left) and then electrolessly coated with silver (right). Si 
substrate is kept uncoated. 
5.3 Fabrication of HAR SRRs by Proton Beam Writing 
(PBW) 
PBW is a unique direct write nano-lithographic technique which has been developed 
at the Centre for Ion Beam Applications (CIBA), in the Physics Department of the 
National University of Singapore [74]. The principle is similar to electron beam 
lithography, but instead of using focused keV electrons, focused MeV high energy 
protons are employed as the impinging particles. The trajectory of a MeV proton in a 
resist material is dependent on the interaction with both the atomic electrons and 
nuclei in the material. As nuclei are confined within tiny volumes surrounded by 
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electron clouds, the probability that a proton interacts with an electron is a few orders 
of magnitude larger than for nuclear scattering. Because of the high mismatch in mass 
between the proton and the electron (mp/me ≈ 1800), the secondary electrons 
generated from the collisions have low energy, typically less than 100eV [75]. 
Therefore, the proximity effect is minimized. Further, because of the momentum 
mismatch, the energy transfer in each proton/electron collision is small and, 
consequently, many thousands of collisions will occur before a proton comes to rest. 
These two important characteristics together allow for deep penetration in resist 
materials with minimum broadening of the beam. Figure 5.11 compares the behavior 
inside poly methyl methacrylate (PMMA) photoresist for MeV protons, low energy 
heavy ions (in the case of FIB), and electron beam. It can be concluded from the 
simulation that proton beam writing, as a lithography technique, can pattern 
photoresist as deep as tens of microns with high aspect ratio and smooth sidewalls. 
 
Figure 5.11 Comparison between (a) proton beam writing, (b) FIB, and (c) electron beam writing. This 
figure shows schematically the difference between the three techniques. (a) and (c) were simulated using 




Figure 5.12 Schematic of the p-beam writing facility at CIBA. MeV protons are produced in a proton 
accelerator, and a demagnified image of the beam transmitted through an object aperture is focused onto 
the substrate material (resist) by means of a series of strong focusing magnetic quadrupole lenses (e.g. 
quadrupole triplet). Beam scanning takes place using magnetic or electrostatic deflection before the 
focusing lenses, and is driven by a feedback signal derived from the proton interactions with the resist. This 
feedback mechanism ensures a constant beam exposure per pixel as the beam is scanned across the resist, 
resulting in high-quality structures. 
 
Figure 5.13 (a) Scanning electron microscopy (SEM) image of parallel lines written in a 350 nm thick 
PMMA layer. The structure was written with a focused 2 MeV proton beam, and the structure has a wall 
width of 50 nm. From [76]. (b) High aspect ratio test structures fabricated using PBW in SU-8 negative 
resist showing 60 nm wall structures that are 10 μm deep. From [76]. (c) P-beam written test structures in 
hydrogen silsesquioxane (HSQ), which has been tested as a superior resist for PBW, allowing the production 
of high aspect ratio structures down to 22 nm. From [77]. 
Figure 5.12 shows the schematic of the PBW platform at CIBA. The strong magnetic 
quadrupole lenses focus the protons down to sub-100nm dimensions, and the in-house 
developed IONSCAN programme [78] controls the beam scanning in order to pattern 
resist material according to pre-defined paths, allowing high resolution structures to 
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be fabricated, see Figure 5.13. As a promising lithographic tool, PBW has been 
applied in many active research areas to fabricate devices such as waveguides, lens 
arrays, gratings [79], microfluidic chips [80], silicon photonic devices [81], etc. 
In this section, we utilize PBW to fabricate high aspect ratio SRRs and compare the 
results with those obtained utilizing TPL and an Axicon lens. The fabrication 
procedure consisted of: 
1) Sample preparation. This includes the cleaning of Si substrate, spin coating, and a 
soft bake process. This is similar to the methods used for TPL and is described in 
Section 3.4.3. 
2) Load the sample into chamber, together with a piece of quartz (for visualizing the 
beam), a piece of Si (for RBS dose calibration) and a fine grid (for resolution 
calibration). When sample is loaded, pump down the chamber to 51.8 10−× mTorr. 
3) Get the proton beam into chamber. The beam energy is set at 2.0MeV, and the 
protons are accelerated then guided into the chamber by a switching magnet. 
4) Dose calibration. This is done via RBS measurement on the piece of Si after 
being bombarded with protons. Beam current is then adjusted to 132.5 10×
protons/cm2. 
5) Focus the beam using Quadrupole currents. As mentioned before, with the fine 
grid as a calibration standard, the beam can to be focused down to 22nm [77]. 
The smaller the beam size, the higher the resolution, but the longer the fabrication 
time, especially for larger structures. In our experiment, the beam size is set to 
250 nm in order to get the optimal balance between scan resolution and time. 
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6) Scan the file with IONSCAN software. A 10 by 10 SRR array takes around 20 
minutes to fabricate. 
After development, the SU-8 SRRs can be electrolessly plated with silver to make the 
final metamaterial structure. The SEM images in Figure 5.14 show a large array of 
SRRs fabricated with PBW before and after being coated. 
 
Figure 5.14 (left) 3μm SRRs fabricated with PBW and (right) selectively coated with silver. 
It can be noted from Figure 5.14 that PBW is able to produce structures with ultra 
smooth side walls. Compared to TPL fabrication with the Axicon lens, HAR SRRs 
fabricated using PBW is more preferable in terms of reducing the scattering loss of 
the incident light. Furthermore, PBW fabricated SU-8 structures experience very little 
shrinkage, indicating that there are almost no uncrosslinked SU-8 molecules present 
after PBW irradiation. Consequently, the structures are more robust. This is important 
during the development stage, because softer structures stand a higher probability of 
deformation when the IPA liquid evaporates. 
In terms of processing, on the other hand, TPL with an Axicon lens is simpler. In 
PBW, the sample needs to be placed in a vacuum chamber and sophisticated beam 
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alignment and dose calibration is required before fabrication. Contrarily in TPL, 
fabrication is straightforward and the laser does not have to be aligned very frequently. 
This is especially efficient when test structures are being fabricated to optimize the 
geometric parameters of the SRR. 
In general, for making the THz HAR SRRs, both approaches work nicely and TPL 
with an Axicon lens can be more efficient than PBW. For making smaller structures 
that require higher resolution and smoothness, usually PBW is preferred because it 
yields better structure quality. 
5.4 Optical characterization of HAR SRRs 
A small array of proton beam written HAR SRRs were characterized by the FTIR 
system described in Section 4.3.3. For testing purpose, the array size is made small, 
800 µm2. A 1 mm2 aperture is used to confine the FTIR beam within the small area to 
fit the SRR array. Incident light frequency is swept from 2 THz to 6 THz, with 
polarizations parallel and perpendicular to the gaps. The result is plotted in Figure 
5.15. 
The result shows that there is a transmission dip present for parallel polarization at 
around 2.72 THz and not for the other polarization, in agreement with simulation. 
However, unlike the simulated result, the transmittance at the resonance frequency did 
not go down to zero. This is expected as the SRR array, with an area of 0.64 mm2, is 
smaller than the aperture size 1 mm2. As a result, about half of the incident light 
transmits through Si substrate directly without interacting with the SRR structures. 




Figure 5.15 Transmission spectra of the silver coated HAR SRR array measured with FTIR. The solid curve 
corresponds to polarization parallel to SRR gaps and the dotted curve corresponds to perpendicular 
polarization. The low signal to noise ratio is due to the small sample area. 
5.5 Summary 
To summarize this chapter, we have discussed: 
a) The physics of SRR: We have explained that the origin of the transmission dip 
under parallel polarized light incident normal to the SRR plane is attributed to an 
LC resonance. The resonance frequency shifts when the refractive index of the 
dielectric environment surrounding the SRR changes, which allows the SRR to be 
used as a sensor. We have also proved numerically that a high aspect ratio SRR 
(3μm) is 10 times more sensitive than a conventional planar SRR (20nm) for 
sensing applications. 
b) Fabrication of high aspect ratio SRR by our TPL system: We have modified the 
optical configuration of our TPL system by introducing an Axicon lens. This lens 
allows us to fabricate HAR structures in a single scan which is much more 
efficient than the usual layer-by-layer approach. 
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c) Fabrication of high aspect ratio SRR by TPL with an Axicon lens: A computation 
study was used to demonstrate that when the Axicon lens is placed before the 
objective lens, the focus becomes a ring instead of a point, and after the focal 
plane, there exists a “Bessel region” where light is confined to a tiny area for 
several tens of microns. The Axicon lens is therefore able to produce a line focus. 
The “Bessel beam”, produced by the Axicon was then used to fabricate various 
structures, with aspect ratios as high as 15. Finally, high aspect ratio SRRs 
fabricated by our Bessel beam were shown. 
d) Fabrication of high aspect ratio SRR by proton beam writing (PBW): Proton beam 
writing is a high resolution 3D direct write lithography technique developed in the 
Centre for Ion Beam Applications. The most unique feature of PBW is the 
capability to fabricate high aspect ratio micro and nanostructures with ultra 
smooth side walls. The PBW technique was also used to fabricate high aspect 
ratio SRRs. We then compared the structures fabricated using the two techniques. 
e) Optical characterization of the HAR SRRs: A small SRR array was characterized 
by the FTIR system to measure its transmission curves under two orthogonal 




Chapter 6  
3D Silver Helices as THz Broadband 
Circular Polarizer 
Conventionally, negative refraction is achieved in metamaterials by making structural 
elements that have simultaneously negative permittivity ε and negative permeability μ. 
Pendry’s SRR combined with a wire is such a structure [2]. Recently several groups 
have proposed that chiral structures (structures with no planes of mirror symmetry) 
can also lead to negative refraction with both ε and μ being positive [16, 82, 83]. 
Furthermore, chirality can bring interesting properties that conventional metamaterials 
do not exhibit, such as giant gyrotropy (the ability to rotate the linear polarization 
state of light) [17] and circular dichroism (the ability to have different transmittance 
for right-handed and left-handed circular polarized light) [18]. The early theoretical 
works of chiral metamaterials have sparked intensive research work into developing 
artificial chiral materials, or chiral metamaterials. As chiral structures are inherently 
three-dimensional, the TPL technique combined with selective electroless silver 
electroplating is an excellent candidate as a fabrication tool.  
In this chapter, Section 6.1 reviews recent developments in chiral metamaterials and 
the fabrication techniques. In Section 6.2, we design and fabricate a 3D chiral 
metamaterial consisting of uniaxial helices arranged in a square lattice that can 
potentially function as a THz broadband circular polarizer. Furthermore, a numerical 
optimization of the structure design is carried out in Section 6.3. Finally in Section 6.4, 
we propose a method that can be used to characterize the helical metamaterial. 
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6.1 Chiral metamaterials and their properties 
Since Pendry’s pioneering work on the SRR [2], metamaterial designs that exhibit 
both negative permittivity ε and negative permeability μ for the same frequency range 
have been fabricated and experimentally shown to give rise to negative refraction. 
Theoretical papers by Tretyakov in 2003 [82], Pendry in 2004 [16], and by Monzon in 
2005 [83] show that chiral materials can also exhibit negative refraction even if the 
permittivity ε and permeability μ are both positive. This is because when the 
electromagnetic wave traverses through the chiral medium, the magnetic component 
of the electromagnetic wave induces an electric dipole that adds onto the electric 
component of the wave, and vice versa. Mathematically, the relations between the 
relevant components of the electromagnetic fields in the macroscopic Maxwell 
equations become [82] 
 Eq. 6-1 
where  is the dimensionless chirality parameter and the other symbols have their 
usual meaning. This is the basis of the well-known optical activity in milk or sugar 
solutions, both of which contain chiral molecules that cause the polarization of an 
incident, linearly polarized wave to gradually rotate as it passes through the medium. 
However, as the chirality  is tiny, to observe a significant polarization rotation 
effect in sugar water, the light would have to pass through more than several 
centimeters of liquid, which corresponds to tens of thousands of visible wavelengths. 
Metamaterials can boost this effect by several orders of magnitude by artificially 





The chiral structures not only exhibit extraordinary optical effects such as giant 
gyrotropy [17] and circular dichroism [18], but can also give rise to negative 
refraction. The refractive index  for right-handed (+) and left-handed (-) circular 
polarization are given by 
 Eq. 6-2 
When  is large enough, even when both ε and μ are positive, negative  can still be 
achieved for one circular polarization of light. 
 
Figure 6.1 (A) right-handed and left-handed enantiomeric helicoidal bylayered structures constructed from 
planar metal rosettes separated by a dielectric slab. (B) Transmission losses for LCP (black line) and RCP 
(gray line) for the bilayered sinistral chiral structure with mutual twist φ=15°. From [17]. 
n




The first experimental demonstration of giant gyrotropy at GHz was reported by 
Rogacheva et al.[17] in 2006 with a bilayered chiral structure, shown in Figure 6.1. 
The transmission spectra indicate that the structure treats right-handed circular 
polarization (RCP) and left-handed circular polarization (LCP) differently at certain 
resonance frequencies. Due to the difference in transmission, a linearly polarized 
wave transmitted through the structure will become elliptical on transmission and its 
polarization azimuth will rotate. In fact, the gyrotropy retrieved is five orders of 
magnitude stronger than a gyrotropic crystal of quartz in the visible spectrum, which 
is about 20°/mm. 
 
Figure 6.2 (A) Scheme of the double-layer magnetic meta-material. The geometrical parameters are 
indicated and given by L=274nm, ti=90nm, lo=135nm, to=50nm, and tdiff=15nm. (B) Normal incidence linear-
optical transmittance spectra of the double-layer chiral metamaterial in right-handed configuration. The 
left column is experimental, and the right column is calculated. The difference between the two is multiplied 
by a factor of ten (green). The corresponding oblique-view electron micrographs and the geometry used in 
calculations, respectively, are shown as insets with the scale bar 500nm. From [18]. 
In 2007, Decker et al. used a similar configuration and pushed the structure down to 
near-infrared wavelengths [18]. The unit cell (Figure 6.2(A)) consists of a sandwich 
of 25 nm gold, 25 nm magnesium fluoride, and 25 nm gold on a glass substrate. All 
layers are produced using electron-beam evaporation. The lateral patterning used 
standard EBL and a lift-off procedure. Transmission spectra of the structure are 
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shown in Figure 6.2(B) together with theoretical calculations. Clearly, this structure 
also exhibit significant circular dichroism. 
More recently in 2009, two research groups demonstrated negative refractive index in 
chiral metamaterials. Plum et al. used the same structure as in ref. [17] and retrieved 
the negative refractive index, shown in Figure 6.3. The negative  arises from the 3D 
chirality and not from the simultaneous ε and μ. This structure works in the GHz 
range. 
 
Figure 6.3 Effective medium parameters of the bilayered metamaterial. Experimental (a) and numerical (b) 
results for refractive index n (top), chirality parameter κ (middle), and permeability μ and permittivity ε 
(bottom) are shown for the 3D-chiral bilayered metamaterial. (c) Effective parameters derived from 
numerical simulations for a bilayered metamaterial with no relative twist between layers of rosettes. Note 
that ε and μ are almost identical for both cases. Negative n in the 3D-chiral case arises from the contribution 
of the large chirality parameter κ. From [84]. 
The other report brought the working frequency to THz by making structures shown 
in Figure 6.4(α, β) [85]. The chirality is introduced by tilting the loop of the resonator 
out of the plane with its gap. Oscillating current flowing through the metal loop can 
be excited by either an electric field across the gap or a magnetic field perpendicular 




refractive indices for LCP and RCP are retrieved and plotted in Figure 6.4(a, b). Note 
that the negative refractive index is achieved in LCP for a small range of frequency 
although the permittivity ε and permeability μ are not both negative. 
 
Figure 6.4 (α) The schematic of the chiral structure made of gold, with the dimensions indicated in the 
ﬁgure: L=20μm, h=4.5μm, r=1.6μm, w=4.4μm, g=2.3μm. The thicknesses of the bottom strips and the top 
bridge are 0.6 and 0.3μm, respectively. The bottom strips make an angle θ=29.25° with the top bridge. (β) 
SEM image of the structures with scale bar 20μm. (a-b) Experimentally retrieved refractive indices for LCP 
(a) and RCP (b). The black and gray curves represent real and imaginary parts, respectively. (c-e) The real 
(black) and imaginary (gray) parts of the permittivity ε, permeability μ, and the chiral parameter ξ. From 
[85]. 
The common drawback of the above mentioned chiral structures is that the 
extraordinary optical phenomena have been restricted to narrow frequency ranges. In 
the same year, Gansel et al.[14] reported a true 3D gold helix structure which can 
potentially be used as a broadband circular polarizer. The fabricated structures as well 
as their experimental and theoretical transmittance spectra for LCP and RCP are 
shown in Figure 6.5. For the two-pitch helices, light having circular polarization with 
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the same handedness as the helices is blocked while the other polarization transmits 
for a frequency range exceeding one octave. 
 
Figure 6.5 Normal incidence measured and calculated transmittance spectra are shown in the left and right 
columns. LCP and RCP are depicted in red and blue, respectively. (A) slightly less than one pitch of left-
handed helices, (B) two pitches of left-handed helices, and (C) two pitches of right-handed helices. For 
wavelength longer than 6.5μm, the glass substrate becomes totally opaque. Hence, transmittance cannot be 
measured. From [14]. 
As pointed out by Wegener [86], such a large bandwidth stems from the interactions 
of the different pitches or turns of the helix. As the number of pitches increase, the 
interactions become strong enough to form a broad band of magnetization waves. As 
a result, this structure design is particular appealing as it can be used directly as a 
compact broadband circular polarizer. 
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6.2 Design and fabrication of THz 3D silver helices 
Gansel’s gold helices discussed in Section 6.1 were fabricated by patterning a positive 
resist with TPL, followed by electroplating the air gaps with gold and the final 
removal of the resist template. In this section, we fabricate similar helical structures in 
silver, using a direct TPL patterning and selective silver electroless plating procedure 
that we have developed. This is potentially a much simpler and more versatile 
technique for fabricating helical structures. Our structures are designed to function at 
THz frequencies, a very unique frequency range with many important applications 
such as security detection and gas phase molecule sensing [87]. Moreover, broadband 
circular polarizers do not yet exist for THz frequencies. So our silver helices are very 
promising candidates for future applications as THz broadband circular polarizers. 
 
Figure 6.6 Design of the THz 3D silver helix. 
In order to set the working frequency of our helical metamaterials structures to the 
THz region, a rough estimation from antenna theory was used. Typically the working 
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frequency is inversely proportional to the radius  of the helix. Therefore, we have 
used the following geometric parameters to design our THz broadband circular 
polarizer: radius of the helix µm; diameter of the cross-section µm; 
pitch height (height per turn of the helix) µm; number of turns . The 
helices are arranged in a 2D square lattice array on a Si substrate with lattice constant 
µm. The design is illustrated in Figure 6.6. Note that the helix is designed to 
be left-handed. 
For its fabrication, we first pattern a 40µm layer of SU-8 on a high resistivity Si 
substrate with TPL. Detailed procedures can be found in Chapter 3. The SEM images 
of the fabricated SU-8 3D helices are shown in Figure 6.7. Note from the normal view 
that the radius of the helix top is slightly smaller than the bottom, which is because of 
the SU-8 shrinkage that was discussed in Section 3.4.4. The “staircase” behaviour of 
the helix which is shown in the inset is because of the 2D slicing and raster scan 
nature, as discussed in Section 3.3. 
 
Figure 6.7 Normal view (left) and oblique view (right) of the 3D helices in SU-8. Inset shows the “staircase” 
behaviour of the helix due to layer-by-layer scanning. 
After TPL fabrication, the helices then go through selective electroless silver plating. 
Detailed description of the process can be found in Chapter 4. Figure 6.8 shows the 
R
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coated helices. From the zoomed SEM image it is clearly shown that all surfaces of 
the helix are nicely coated with a uniform conformal layer of silver, whereas the 
substrate is relatively clean. 
 
Figure 6.8 Silver coated helices. 
 
Figure 6.9 Transmittance spectra calculated for the 3D silver helices with CST Microwave Studio. 
Geometric parameters are: R=6.5μm, d=5μm, a=30μm, PH=20μm, N=1.5. From about 4.5 THz to 7.5 THz, 
nearly one octave range, LCP is significantly suppressed by the left-handed helices whereas the 
transmittance for RCP is close to unity. 
We perform numerical simulations to verify the performance of these structures at 
THz frequencies. The simulation is performed using CST Microwave Studio using the 
geometric parameters outlined in Figure 6.6. LCP and RCP are launched individually 
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normal to the substrate and the transmittance spectra are calculated and plotted in 
Figure 6.9. These plots show that LCP light is significantly suppressed, from about 
4.5 THz to 7.5 THz (for nearly an octave range), whereas the transmittance for RCP 
light is close to unity. Note if the helix was designed to be right-handed, we would 
expect the LCP and RCP curves to swap. 
6.3 Numerical optimization of THz 3D silver helices 
Although Figure 6.9 indicates numerically that LCP behaves very differently from 
RCP when it transmits through the helices, the actual transmittance curve is still far 
from the desired performance of a good broadband circular polarizer. In this section, a 
numerical optimization of the helices will be carried out in CST Microwave Studio, in 
order to understand more about the mechanism that gives rise to these optical spectra.  
As already mentioned, the working frequency is roughly inversely proportional to the 
radius, or the size, of the helix. Therefore for the following optimizations, the radius R 
will be fixed. 
We first look at the cross-sectional diameter d. In this simulation, d varies from 1 μm 
to 7 μm. The LCP transmittances are plotted in Figure 6.10 with insets representing 
the thinnest and thickest helix (top view). The results indicate that with the increase of 
d, the bandwidth almost remains the same, whereas the LCP transmittance within the 
range is suppressed, with the maximum decreased from 0.85 (d=1μm) to 0.35 
(d=7μm). This is expected because a thicker helix is more effective in terms of 
blocking the light due to the additional surface area that interacts with the incident 
light. Note that we did not simulate d>7μm, because of the difficulty in fabricating 
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such a structure. In the next optimization study, d is fixed at 7 μm instead of the 
previous value of 5 μm. 
 
Figure 6.10 Dependence of LCP transmittance on crosssection diameter d. Other parameters are: R=6.5μm, 
a=30μm, PH=20μm, N=1.5. The diameter d is varied from 1μm up to 7μm. The insets show top view of the 
helix under conditions d=1μm and d=7μm. 
The next parameter we look at is the lattice constant a, which determines how close 
the helices are apart. Three different a values are tested, 21μm, 30μm and 40μm. The 
results are plotted in Figure 6.11. The closer the helices are, the more effective they 
are in polarizing the incident light. This is also straightforward because within the 
same area the light “sees” and interacts with more structures. Another interesting 
phenomenon to note is that bringing the helices closer not only suppresses the 
transmittance but also increases the bandwidth. The mechanism is unknown but it 
might be attributed to the coupling between adjacent helices. The smallest value of a 
is chosen to be 21μm because the width of the helix, , equals 20μm. 
Further decreasing a will certainly result in fabrication issues. As a result, we fix a to 
be 21μm for the next optimization. 




Figure 6.11 Dependence of LCP transmittance on lattice constant a. Other parameters are: R=6.5μm, 
d=7μm, PH=20μm, N=1.5. The lattice constant a is varied from 21μm up to 40μm. The insets show top view 
of the helices under conditions a=21μm and a=40μm. 
 
Figure 6.12 Dependence of LCP transmittance on helix pitch height PH. Other parameters are: R=6.5μm, 
d=7μm, a=21μm, N=1.5. The pitch height PH is varied from 15μm up to 40μm. The insets show side view of 
the helix under conditions PH=15μm and PH=40μm. 
The third parameter to test is the helix pitch height PH, which determines how “curvy” 
the helix is. Four values of PH are tested, 15μm, 20μm, 30μm and 40μm. The results 
are plotted in Figure 6.12. Note that with the increase of pitch height, the 
transmittance is further suppressed but the bandwidth is narrowed. This can be 
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qualitatively understood in two aspects. Firstly, an increasing pitch height increases 
the interaction length with the incident electromagnetic wave thus further decreases 
the transmittance. On the other hand, the coupling between one helix and its adjacent 
helices is lessened because the volume density of the helices is decreased. Thus, we 
choose the optimal PH value to be 30μm and fix it such for the next optimization. 
 
Figure 6.13 Dependence of LCP transmittance on number of helix turns N. Other parameters are: R=6.5μm, 
d=7μm, a=21μm, PH=30μm. The number of helix turns N is chosen to be 1, 1.5 and 2. The insets show side 
view of the helix under conditions N=1 and N=2. 
The last parameter that is studied is the number of helix turns N. The following N 
values are tested: N=1, N=1.5 and N=2. A larger N increases the interaction length 
with the electromagnetic wave and will help further lower the transmittance. However, 
from the results plotted in Figure 6.13, N=1.5 and N=2 yield not very different 
performances. Thus it can be concluded that as all the other parameters are optimized, 
N=1.5 is enough to give a very low transmittance, about 0.05, over an octave 
frequency range. As a result, the number of helix turns does not need to be changed. 
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This is also because the more helix turns in the design, the more time consuming the 
TPL fabrication would be. 
The geometric parameters of the optimized helices are: R=6.5μm, d=7μm, a=21μm, 
PH=30μm, N=1.5. As shown from the transmittance spectra in Figure 6.14, LCP is 
almost totally blocked by the left-handed helices from 4.5 THz up to 8 THz, about an 
octave range, whereas RCP transmittance is still close to unity. These optimized 
parameters will be applied in future fabrications. 
 
Figure 6.14 Transmittance spectra calculated for the optimized 3D silver helices with CST Microwave 
Studio. Geometric parameters are: R=6.5μm, d=7μm, a=21μm, PH=30μm, N=1.5. From about 4.5 THz to 8 
THz, nearly one octave range, LCP transmittance is close to 0 whereas the transmittance for RCP is close to 
unity. 
6.4 Proposed optical characterization method 
In order to validate the property of the 3D helical metamaterial as a broadband 
circular polarizer, an optical characterization is required. In Gansel’s work [14], a 
custom-made broadband circular polarizer which functions in mid-IR was used to 
make the incident light circularly polarized. In THz range, however, no such 
broadband circular polarizer exists. In fact, this is the motivation of designing and 
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fabricating such a helical metamaterial. Therefore, other techniques need to be 
employed in the characterization of the structure. In this section, a transfer matrix 
method is introduced which takes the transmission spectra of two orthogonal linearly 
polarized light beams to reconstruct the transmission for LCP and RCP. 
The transfer matrix is used to link the transmitted light and incident light. Suppose the 
electric field of the incident light is decomposed into two orthogonal linear 
components 0xE  and 0yE , the transmitted x and y components can be written as 
0 0
0 0
x x xx xy x
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 Eq. 6-3 
In the case that only x polarized light is incident, Eq. 6-3 can be simplified to 
0
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 Eq. 6-4 
Here, all elements take the complex forms. By launching x polarized light and 
measuring the amplitude/phase of the transmitted x and y components, one can 
retrieve both real and imaginary parts of xxτ and yxτ . Likewise, by launching y 
polarized light, one can retrieve yyτ and xyτ . Note that 
2| |xx xxτΓ = and 
2| |yy yyτΓ =
represent the transmittance for x and y polarized light, and 2| |yx yxτΓ = and 
2| |xy xyτΓ =
represent the conversion between the two polarizations. 
The transfer matrix also works for circular polarization and it is defined as 
0 0
0 0
R RR RR RL
L LL LR LL
E EE t t
t
E EE t t
      
= ⋅ =      
      
 Eq. 6-5 
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Similarly, 2| |RR RRT t= represents the transmittance for RCP and 
2| |LL LLT t= represents 
the transmittance for LCP. 
The two matrices, t  and τ , can be related by the transformation formula [88] 
( ) ( )1
( ) ( )2
xx yy xy yx xx yy xy yxRR RL
xx yy xy yx xx yy xy yxLR LL
i it t
i it t
τ τ τ τ τ τ τ τ
τ τ τ τ τ τ τ τ
+ + − − − +  
=    − + + + − −   
 Eq. 6-6 
Therefore, all elements of t  can be calculated from τ . In other words, once the 
transmission matrix for linear polarization is retrieved, RRT and LLT  can be calculated 
and Figure 6.9 can be reconstructed. 
THz Time Domain Spectroscopy (THz-TDS) can be utilized to measure both the 
amplitude and phase of the transmitted light. Although conventional THz-TDS 
systems cover a limited frequency range from 0.1 to 3 THz, several groups have 
studied and developed new generations that offer broadband THz emission and 
spectroscopy from 0.1 up to 15 THz [89-91]. This has made possible the measurement 
of our helical metamaterial which functions from 5 to 8 THz. 
6.5 Summary 
In this chapter the following was discussed: 
a) A review on the development of chiral metamaterial: Chiral metamaterial is a new 
type of metamaterial proposed recently. They have unique properties such as giant 
gyrotropy and circular dichroism, and they offer another route to negative 
refraction. Various chiral structures and the fabrication techniques used to make 
them were reviewed. 
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b) Fabrication of THz 3D silver helices using TPL followed by selective electroless 
silver plating: The technique that we have developed in this thesis has some 
unique advantages for making true 3D metallic structures. We have also simulated 
the structures uing CST Microwave Studio by launching light with left and right 
circular polarizations. Result shows that the left-handed helices block light with 
left circular polarization while transmit light with right circular polarization, for a 
frequency range as wide as an octave. 
c) Numerical optimization of the design using CST Microwave Studio: The initial 
design shows a remarkable difference in transmittance for LCP and RCP, but the 
LCP was not completely blocked. This set of simulation studied various geometric 
parameters of the helices, such as cross-section diameter, lattice constant, pitch 
height and the number of helix turns, and found out the optimal conditions, 
enabling a complete blockage for LCP while transmittance for RCP is close to 
unity, for an octave range. 
d) Proposed optical characterization method for the THz helices: Although 
broadband circular polarizers in THz are not available, the transmittance for RCP 
and LCP can be retrieved by the amplitude and phase measured from two 
orthogonal linearly polarized incident light using transfer matrix method. We have 




Chapter 7  
Conclusion and Future Outlook 
7.1 Summary of the work carried out for this thesis 
In this thesis the hardware and software required for the fabrication of “true” 3D 
metamaterials has been developed. The fabrication process is based on two-photon 
polymerization and subsequent selective silver electroless plating to form 3D metallic 
structures.  
In Chapter 3, the in-house developed two-photon lithography system was discussed in 
detail. Ultrafast laser pulses are generated by a mode-locked Ti:Sapphire oscillator 
(Coherent, Mira 900D) pumped by a 10W 532 nm laser (Coherent, Verdi V10), with a 
centre wavelength of 800 nm and pulse width of approximately 150fs. The power 
delivered to the sample was adjusted by a variable attenuator consisting of a half wave 
plate and a Glan-Thompson polarizer. A beam expander was used to fully illuminate 
the back aperture of a microscope objective (Olympus 60x, N.A. 0.90, WD 0.11mm) 
in order to achieve a diffraction limited spot on the sample. The computerized sample 
platform consisted of several precision stages (Physik Instrumente PI-E710, PI-C867 
and Mad City Labs MCL-Z200) that allowed the user to move in all three dimensions 
with nanometer precision. We also developed our own software that allows for 
arbitrary 3D structures to be fabricated by a layer-by-layer raster scan process. The 
software solved the file size problem associated with defining 3D structures. Instead 
of defining all the individual points in a line, one can define a starting point, an end 
point, and a scan speed with which the stage moves in between. A line is therefore 
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simplified into two points. Based on this principle, we created a new file type “tpl” 
that contains all the outline points of the 3D design and occupies much less disk space 
and memory. We developed a scanning programme in LabVIEW called “MultiFab”, 
which is able to control the motion of all three stages in synchronization with an 
AOM laser blanker to fabricate arbitrary 3D structures. 
Photoresists were also studied in detail. Five different positive and negative resists, 
S1813, AZ1518, ma-P, SU-8 and Ormocore, were tested. We found SU-8 2000 to be 
the best, in terms of resolution, coating thickness, adhesion and ease of processing. 
Therefore, a working procedure for SU-8 2000 was developed. Furthermore, the 
shrinkage problem associated with processing of SU-8 2000 structures made using 
TPL was studied. Shrinkage is an intrinsic problem with SU-8 because the volume 
density of polymerized SU-8 becomes larger. However, the shrinkage problem can 
also be attributed to several other factors that can be avoided, such as soft-bake 
temperature, laser power and scan speed. We fabricated micro-pillars under different 
conditions, and found that a soft-bake temperature of 75°C, laser power of 1.4 mW 
and scan speed 3μm/s can successfully minimize the shrinkage problem of SU-8 
structures. 
In order to fabricate metamaterials, arrays of metallic microstructures on a transparent 
insulating substrate are required. Since TPL produces polymeric structures, a 
procedure for transferring these structures to metal is required. In Chapter 4, an 
electroless plating technique that can conformally coat the surfaces of SU-8 3D 
structures with silver, while keeping the Si substrate isolated from coating is 
developed. Electroless plating enables the possibility to coat all sides of a surface, 
because unlike electroplating, it is not a directional process. However, the coating 
 117 
 
adhesion on both SU-8 and Si surfaces is typically poor. A novel and simple 
technique that allows us to achieve coating selectivity by applying a plasma 
pretreatment is developed. We compare the coating coverage of SU-8 and Si samples 
when different plasma doses were applied. With an increasing plasma dose, the 
adhesion between silver particles and the Si substrate remains almost the same, 
however it increases dramatically for the SU-8 surface. This gives rise to coating 
selectivity. The mechanism for this selectivity is the generation of C=O bonds on the 
surface of SU-8 by the plasma. These bonds can interact with the silver ions to form a 
Ag-O-C bond. Hence, the SU-8 surface becomes a preferential site for the reduction 
of silver ions from solution. 
A set of experiments to optimize the electroless plating parameters in order to achieve 
the smallest surface roughness have also been performed. A rougher surface leads to 
more energy loss due to scattering so it is not desirable. The two most important 
parameters, glucose concentration and coating temperature, were studied in detail. 
From the results we found that a relatively low glucose concentration (0.0125mg/mL) 
and low temperature (35°C) lead to the smallest roughness (9.1nm). For 
metamaterials applications, the coating typically has to be thicker than the silver skin 
depth in order to function. We measured the thickness (100nm, skin depth 40nm) and 
resistivity (9×10-8 Ω.m) of the silver coating under optimal conditions, and carried out 
FTIR characterization to obtain the transmittance spectra of silver coated split-ring 
resonators. The results show good agreement with simulation, verifying the feasibility 
of the technique. 
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In Chapter 5, the new TPL system was used to fabricate high aspect ratio split-ring 
resonators (SRRs) that can be used as a dielectric sensor.  From a simulation study it 
was found that high aspect ratio SRRs are much more sensitive at detecting the 
change of the dielectric environment compared to a planar SRR. The high aspect ratio 
SRRs can be fabricated by TPL in a layer-by-layer manner, however this is time 
consuming and unnecessary because they are not true 3D structures. An optical setup 
that utilizes an Axicon lens was integrated into the TPL system in order to improve 
the throughput for fabricating HAR structures. Using computation, it was shown that 
that a Bessel region is produced after the focal plane where the light is confined 
within a small area for a distance as long as several tens of microns. This allows HAR 
structures to be fabricated by a single scan. Several examples as well as the high 
aspect ratio SRRs fabricated by the beam shaped TPL were shown. In addition, the 
SRRs fabricated by a complementary technique, proton beam writing (PBW), were 
also shown in this chapter. PBW is a high resolution, high aspect ratio direct write 
technique where protons are used as the impinging particles. Due to their large mass 
contrast with electrons, deep and straight penetration inside the resist material can be 
achieved. Therefore, PBW is especially promising in fabricating high aspect ratio 
structures, such as the SRRs. The two techniques were compared. 
Chapter 6 is devoted to the study of 3D silver helical structures. Helical structures of 
this type have the potential to function as broadband circular polarizers at frequencies 
where quarter wave plates cannot be easily fabricated. TPL in combination with the 
selective silver electroless plating was used to fabricate an array of silver helices that 
operate at THz frequencies. Simulations show that the left-handed helices block LCP 
while transmitting RCP, for a frequency range as wide as an octave. The helical 
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structure design is numerically optimized using CST Microwave Studio. The helix 
cross-section diameter, lattice constant, pitch height and the number of helix turns 
were studied. It was found that if the design parameters are chosen correctly, the 
transmittance for LCP light can be reduced to zero while RCP light is almost 
completely transmitted. A method that can potentially be used to characterize these 
structures is discussed in detail.  
7.2 Future work 
The full three-dimensional control of two-photon lithography, as well as the 
development of a method to selectively silver coat the polymeric structures has eased 
the fabrication of true 3D metamaterials significantly. However, both of these 
techniques have much room for improvement. Several methods of improving the 
technique for metamaterials applications will now be discussed. 
Vector scanning 
All structures in this thesis were fabricated using raster scanning. This is a 
straightforward approach, especially when fabricating arbitrary 3D structures. 
However, for certain structures, this method is less appealing. For instance, in the 
fabrication of 3D helices, if the X and Y axes of the stage can move sinusoidally 
while the Z axis moves up, a very smooth helix can be fabricated within a short time. 
Hence, vector scanning is a good way to increase the fabrication throughput for some 
structures. In the future, a vector scanning algorithm will be incorporated into the 




SU-8 fabrication using micro lens arrays 
A microlens is a single element with one planar surface and one spherical convex 
surface that can be used to focus the light. The microlens is similar to a microscope 
objective lens, but with a diameter below 100μm. Microlens arrays contain multiple 
lenses formed usually in a two-dimensional array. If the objective lens is replaced by 
the microlens array, the main laser beam will be divided into hundreds or even 
thousands of miniaturized beams and they can be used to make micro structures in 
parallel. This method has the potential to dramatically increase the throughput of the 
TPL system therefore it will be a major direction for future improvement. 
Working with glass substrates 
Our TPL fabrication and selective electroless silver plating work very well with Si 
substrates. In THz range, Si is an ideal substrate because it is transparent. However, at 
near infrared or optical frequencies, Si becomes opaque. In this case, a glass or quartz 
substrate should be employed. The TPL fabrication described in this thesis can also be 
applied to glass and quartz substrates using the dry lens configuration, however as the 
substrate is transparent, the immersion lens configuration should be employed 
because with a higher NA, a tighter focus, or a higher resolution can be achieved. The 
selective Ag electroless plating technique can also be extended to glass substrate. 
Selectivity on glass is more challenging because glass itself has good adhesion with 
silver particles. Nevertheless, the adhesion is not as good as treated SU-8 surface. Via 
detailed calibration studies, selective coating on glass substrates can be achieved. This 
will enable our technique to be useful for researchers studying metamaterials at 
frequencies less than 1 THz and up to optical frequencies. 
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As the well developed techniques in this thesis have enabled us to design and 
fabricate metamaterial structures with great ease, more and more functional 
metamaterial devices are expected in the future. As pointed out by Zheludev [92], the 
research in metamaterials is moving towards applications such as data storage, 
displays, waveguides, micro and nano scale lasers, slow light and quantum 
information. By designing our own “meta atoms”, we will be able to create new 
materials, new devices, and even new systems that can significantly change the 
technology. With the future development of advanced fabrication techniques, only our 
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Appendix B: CST Microwave Studio 
The simulation studies in this thesis were carried out in CST Microwave Studio. CST 
Microwave Studio is a software package for electromagnetic design and analysis over 
a large range of frequencies. The user can design graphically any shape of structures 
and their material properties. After boundary conditions and meshing parameters are 
defined, the solvers calculate Maxwell’s equations numerically for a given range of 
frequencies. The user can retrieve results such as Scattering parameters (S-
parameters), electric field and magnetic field distributions, etc. 
A key feature of this software package is that it offers three different solvers: transient 
solver, frequency domain solver and eigenmode solver. The most efficient tool is the 
transient solver, which can obtain the entire broadband frequency behavior of the 
simulated device from a single calculation run. For applications such as connectors, 
transmission lines, filters and antennae, this solver is usually used. However, when the 
simulated structure is smaller than the shortest wavelength of interest, the transient 
solver is less efficient. In this case, the frequency domain solver is usually employed. 
An advantage of the frequency domain solver is that it supports both hexahedral and 
tetrahedral meshes, whereas the transient solver only supports hexahedral meshes. 
The frequency domain solver also contains fast alternative algorithms for calculating 
S-parameters for strongly resonating structures. When the operating modes inside a 
device are required for the calculation, the eigenmode solver is the best choice. 
For our simulation of SRRs, both the transient solver and the frequency domain solver 
were tested and verified to work. The frequency domain solver is more favorable 
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because it calculates all S-parameters for both polarizations in a single simulation run, 
whereas the transient solver simulates the two polarizations separately because their 
boundary conditions are different. Another advantage of the frequency domain solver 
is that it can easily model circular polarization. This is especially useful for 
applications that require left and right circular polarized incident light instead of 
parallel and perpendicular linear polarized light, such as the 3D helical structures that 
will be described in Chapter 6. Therefore, for all the simulations carried out in this 
thesis, the frequency domain solver is used. 
 
Figure 7.1 Modelling and parameters configuration of the SRR in CST Microwave Studio with Frequency 
domain solver. 
Figure 7.1 is the modeling and parameters configuration of the HAR SRR in Chapter 
5. A general procedure for simulations in CST Microwave Studio with frequency 
domain solver is now described: 
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1) Set the unit and frequency range to be calculated. 
2) Model the structure: It can either be designed graphically in CST or imported 
from external format such as dxf. Important dimensions such as the structure 
length, width and height, can be defined as variables. 
3) Assign material properties to each part of the structure and the environment: For 
example, our silver coated SRR consists of an SU-8 structure, 100 nm silver 
coating on all sides of the SRR, and a Si substrate. The environment material is 
set to vacuum. 
4) Define boundary conditions: We want to set the boundary conditions such that 
the SRR repeats itself infinitely in X and Y directions. The boundary conditions 
for transient solver and frequency domain solver are different. For the frequency 
domain solver that we adopt, both X and Y boundary conditions are set to be 
“unit cell”. The boundary condition for Z direction is set to be “open”. 
5) Define input, output and their modes: The input and output are located before and 
after the structure, respectively. Incident light is launched from the input and 
different modes can be chosen. For our SRR, only two orthogonal polarizations 
are considered, TE and TM. For the helices discussed in Chapter 6, left circular 
polarization (LCP) and right circular polarization (RCP) are defined instead. The 
output is where the detector is located. Modes also have to be defined, just like 
the input. 
6) Generate the mesh: As Maxwell’s equations are solved numerically, a proper 
mesh size is important. Smaller meshes give higher accuracy, but the processing 




7) Calculate S-parameters with frequency domain solver: The S-parameters reveal 
the relation between transmitted fields and the incident fields. In the SRR 
simulation, parallel polarization is assigned as mode 1 and the perpendicular 
polarization as mode 2. According to the definitions of S-parameters, S11 
represents the transmittance for parallel polarization and S21 represents the 
conversion from parallel to perpendicular polarizations when light transmits 
through the structure. Likewise, S22 and S12 represent the transmittance and 
conversion for perpendicular polarization, respectively. 
8) Parameter sweep (optional): In some cases, the structure parameters need to be 
adjusted in order to optimize their functionality (e.g. height study shown in 
Section 5.1.2). The parameter of interest can be set as a variable within the 
domain. During calculation, the solver sweeps the whole range and calculates 
multiple values for the parameter. The user then can analyze the results and find 
out the optimal conditions. 
 
